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TRANSIENT ELECTROMAGNETICS FOR PERMAFROST
Gerald Grant Walker 
University of Alaska, Fairbanks, 1988
Abstract
Transient electromagnetic (TEM) soundings were carried out with a Geonics 
EM-37 instrument at more than forty sites in Alaska, primarily along a line from 
Reindeer Island to Glennallen, to investigate its application to the study of per­
mafrost. Procedures were developed for correcting TEM sounding data for the 
effects of transmitter turnoff time. Best fit geoelectric models of horizontally lay­
ered earth were derived by computer inverse modeling, using program NLSTCI 
(Anderson, 1982), and used to interpret the soundings in terms of the thickness of 
permafrost at each site. The interpretations indicate permafrost thicknesses vary 
substantially between sounding sites on land, although the general trend of thicker 
permafrost at more northern latitudes is evident. Under favorable circumstances, 
the depth to the base of ice-bearing permafrost may be resolved within ± 10%. 
Soundings taken over sea ice indicate that the thickness of the thawed sediments 
overlying ice-bearing permafrost can be determined, the subsea permafrost is mul­
tilayered beyond about 3 km offshore, but that the TEM system used may not 
resolve the base of ice-bearing subsea permafrost in this warm, high-salinity, and 
multilayered environment. An anomalous, double-sign reversal was obtained at a 
site in the Kuparuk region which was successfully modeled using a complex re­
sistivity of the Cole-Cole type. The model parameters indicate that this unusual 
signature may be related to the known deposits of gas hydrates beneath the site 
suggesting that deep deposits of gas hydrates may be detectable form the ground
iii
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surface using the TEM method. Finally, it is noted that TEM soundings for per­
mafrost are most productively performed in a line or grid tied to sites with known 
subsurface lithology so that modeling parameters may be constrained to physically 
reasonable values.
iv
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CHAPTER 1. INTRODUCTION
1.1 BACKGROUND
Permafrost is a permanently frozen layer of soil or other deposit sometimes 
including the bedrock and occurring at variable depth below the earth’s surface 
primarily in arctic or subarctic regions. A working definition of permafrost has 
been given by Brown and Kupsch (1974) and Johnston (1981) as ground with 
a temperature below zero degrees Celsius for longer than one year (at least two 
consecutive winters and the intervening summer). As much as 75% of Alaskan land 
may have permafrost beneath the surface according to Ferrians (1965). Permafrost 
is continuous and very thick (up to 640 m near Prudhoe Bay) on the North Slope 
of Alaska. The Interior of Alaska has thinner, discontinuous permafrost and the 
southern part of Alaska has sporadic permafrost.
Permafrost is in quasistatic equilibrium with its natural environment. However, 
if some man-made construction disturbs the thermal regime of the ground, the 
permafrost may begin to degrade. Some permafrost is ice-rich, meaning that upon 
melting there is an excess of water, more than can be held within the pore spaces 
of the soil. These soils will collapse upon thawing. Therefore any structure built on 
or in such a soil will suffer stress when the permafrost melts. Man-made structures 
which have failed due to permafrost degradation include bridges, homes, airports, 
warehouses, roads, telephone poles, fences, wells and pipelines. Since permafrost 
can have such destructive effects upon man-made structures, knowledge of the 
presence and extent of permafrost is extremely important where construction is 
contemplated.
1
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Permafrost is also of interest in hydrology because regions of ice-bearing soil 
hinder groundwater flow. Permafrost also influences the large and small scale pat­
terns of surface drainage. Man-made structures, if they hinder surface and sub­
surface water flow, may create problems associated with water accumulation. The 
altered drainage patterns and exposure of soil surfaces may lead to topographic 
features such as paisas.
Permafrost near the surface will interact with vegetation in a complex way. 
Some vegetative types may insulate the ground during summer months leading to 
very cold ground temperatures and therefore thicker permafrost. The presence of 
near-surface permafrost limits the vegetative growth to only those types capable of 
growing in cold soils.
Permafrost can introduce problems for the geophysical exploration of mineral 
and petroleum resources. The presence of permafrost may dramatically alter seis­
mic records. Erroneous interpretations of seismic reflection data resulted in costly 
drilling mistakes in the search of petroleum reserves in the permafrost areas of the 
Arctic, most notably in Prudhoe Bay, Alaska as noted by Specht et al. (1986). 
In addition, electrical grounding problems are often encountered in permafrost re­
gions; these problems may alter signal strengths for geophysical exploration and 
for radio communication. Therefore, permafrost may confuse, confound and mis­
lead a variety of mankind’s endeavors. As Suslov is quoted by Lloyd (1962): “The 
geographer, climatologist, hydrologist, soil scientist, geomorphologist, botanist, en­
tomologist, zoologist, agriculturalist, geologist, biochemist, engineer, architect, geo­
physicist, palaeontologist, archaeologist -  all may find much to study and ponder 
in the regions where permafrost is found.”
Information on whether or not permafrost occurs at a site may be obtained 
by drilling or excavating. These methods disturb the natural thermal regime of
2
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the ground, are very expensive, and give no information on nearby undisturbed 
materials. Detection of lateral changes in material types or in permafrost occurrence 
requires the drilling o f adjacent holes. Experienced drillers are often able to infer 
the presence o f permafrost by examining drill samples and carefully recording the 
drilling rate which can be substantially lower in permafrost soils. However, some 
ice-bearing permafrost may not be sufficiently well-bonded at the transition zones 
near the table (top) and the base (bottom) of the ice-bearing permafrost to be 
detected by the driller.
The most direct method of determining the vertical extent of permafrost is by 
measuring the temperatures in a borehole. However, Lachenbruch et al. (1982) 
made a series of temperature measurements in a deep borehole on the North Slope 
of Alaska and showed that a period of time (up to several decades) is required after 
drilling for the temperature-depth profile to return to near normal (predrilling) 
conditions. Nevertheless, their results indicate that an estimate of the base of the 
permafrost (~  600 m) accurate to within 5%, is possible within a few days to a few 
months after drilling.
Noninvasive, nondestructive, surface geophysical exploration techniques ap­
plied to the determination of permafrost occurrence, distribution, and thickness 
offer advantages of greater speed and lower cost over the use of drilling alone. .Nor­
mally, however, without ‘ground truth’ from nearby boreholes, the vertical extent 
of permafrost cannot be assessed as accurately using these techniques as it can from 
in situ methods. The surface techniques are best used in the reconnaissance mode, 
that is, as an indicator of changes between boreholes and as a guide for determining 
the location of additional boreholes.
Surface geophysical exploration techniques which can be used for the investiga­
tion of the presence and extent of permafrost include seismic techniques and three
3
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electrical techniques: direct current (DC) resistivity, frequency domain electromag­
netics (EM), and transient electromagnetics (TEM). Seismic refraction techniques 
are valuable for the detection of the table of ice-bonded permafrost because seismic 
velocities in ice-bonded permafrost are generally higher than in unfrozen materials. 
Conversely, seismic refraction as well as reflection methods are generally not useful 
for the detection of the permafrost base where there is a change from high to low 
velocity. The three electrical techniques give information on the resistivity of the 
earth. Since the resistivity of permafrost can be orders o f magnitude higher than 
the same material in the unfrozen state, a resistivity profile obtained at a given site 
can be used to infer the boundaries of the permafrost.
Although there is some debate about the relative merits of the three electrical 
techniques, the TEM method offers some advantages over the other two for sound­
ings over deep permafrost. First of all, appropriate transmitter-receiver distances in 
the TEM method are usually smaller than the expected permafrost depth, a feature 
which is not true for the other twv> methods. This saves time in deployment of the 
system and makes the TEM method less sensitive to lateral resistivity variations 
as indicated in a recent paper by Sinha and Stephens (1983). Also, Ehrenbard et 
al. (1983) argue that the TEM method provides better resolution o f the depth to 
the base of the permafrost than other electrical methods, because the estimate is 
relatively insensitive to the resistivity of the basement. Finally, because the sound­
ings are easier to take and the experimental layout is less extensive, the overall 
productivity of the TEM method should be better over thick permafrost than the 
other electrical methods.
There are some disadvantages of the TEM method. These are mainly due to 
the relative newness of the technique vis a vis the more mature states of the DC
4
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and EM methods and include the lack of computer software to invert TEM data to 
useful 2 and 3-dimensional resistivity models.
While the recent papers by Ehrenbard et al. (1983) and Sinha and Stephens 
(1983) (see Section 1.3 for a review of these papers) give general support to the use of 
the TEM technique for permafrost detection, many questions remain unanswered, in 
particular with respect to data correction procedures, uniqueness of interpretation, 
applicability to permafrost in a variety of settings, and other problems. Initially an 
investigation of the applicability of the TEM technique to permafrost was central 
to the aims of the present thesis; however, it is in the context of the questions on 
data correction procedures, parameter variations, and the existence o f anomalous 
TEM data that the present work has evolved.
The following specific topics have been investigated in this thesis (the numbers 
in square brackets give the chapter numbers where discussion of the points appear 
-  a more detailed description of each chapter follows in Section 1.2).
(1) Observation and modeling of an anomalous double sign reversal in TEM data 
from the Kuparuk area of the North Slope [5]. This type of anomalous TEM 
response has never before been reported in the literature.
(2) Correction for finite time of current turnoff (ramp time correction) in the TEM 
method [2,3,4,5]. The new and original correction procedures used for the data 
of this thesis predate a recent paper by Fitterman and Anderson (1987) wherein 
the effects of the turnoff time are explored in some detail.
(3) Estimation of instrumental error, parameter variation studies of output mod­
els and discussion of uniqueness in TEM geoelectric models [1,3]. These have 
not appeared in the literature on permafrost TEM data previously.
(4) Use of an existing computer program to invert TEM data in permafrost terrain 
[3,4,Appendix A]. The inverse modeling also allows an objective comparison 
of the match between the data and the geoelectric model. This is the first 
application of inverse modeling to permafrost TEM data.
(5) Detailed study of subsea permafrost [4]. A line of TEM soundings was taken 
over sea ice to determine the extent of permafrost. This study is similar to 
the one of Ehrenbard et al. (1983), but the analysis is more extensive and 
the results seem to compare more favorably with some of the known subsea 
permafrost parameters. Comparisons of 3 to 6 layer models are made showing
5
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6that interpretations of deeper subsea permafrost structures in a multi-layered 
medium suffer from rapid decrease of signal level due to the highly conductive 
environment and nonuniqueness in the solution space.
(6) TEM studies of many land sites with less than adequate ground truth [Ap­
pendix A]. This is a reconnaissance study of permafrost mainly along the Trans- 
Alaska Pipeline System (TAPS) corridor which indicates there are locations 
where permafrost may be thinner than might be expected from surface temper­
ature data.
1.2 TH ESIS O U T LIN E
For the general purpose of permafrost investigation, 32 TEM sounding sites, 
roughly along the Trans-Alaska Pipeline, were sounded during the summer (Au­
gust and September) of 1983. The locations of the sounding sites are displayed in 
Figure 1.1. These sounding sites are described more fully in Appendix A and the 
interpretations of the soundings at two of these sites (West Dock and Deadhorse), 
where a reasonable amount of subsurface information is available, axe discussed in 
Chapter 3. In 1984, some of the sites of 1983 were sounded again and an offshore 
line of sounding sites was established. This offshore line extended two kilometers 
inland along a line from the wellhead of the exploratory North Prudhoe Bay State 
#1  well through Reindeer Island and one kilometer past as shown in Figure 1.2. 
This line o f sounding sites is discussed more fully in Chapter 4. The West Dock 
site and the Reindeer Island sites axe further discussed in Chapter 3.
Section 1.3 of this thesis gives relevant historical information on permafrost. 
The fundamental principles underlying electrical conduction in solid earth materials 
axe discussed in Sections 1.4. Section 1.5 places emphasis on the temperature 
dependence and the importance of freezing-point-depression for the resistivity of 
soils. Section 1.6 includes remarks on Archie’s law, an empirical relation for the
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Figure 1.1 Transient electromagnetic sounding sites occupied during Au­
gust and September of 1983. The sounding sites axe denoted by triangles and 
capital letters. The Fairbanks site represents five separate sounding sites: Vir­
gin Spruce # 1, Virgin Spruce #2 , Farm, Farmers Loop, and Peat sites.
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Figure 1.2 Subsea and associated transient electromagnetic sounding sites 
occupied during May of 1984. The site designations refer to the distance from 
the wellhead of North Prudhoe Bay State # 1  exploratory well along a line 
through Reindeer Island.
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resistivity of porous media. Section 1.7 describes the features of the TEM system 
used for this study and the experimental configuration.
For completeness, the theory of transient electromagnetic induction using the 
EM-37 is reviewed in Chapter 2. The general theory of the method is given in 
Section 2.2 and covers the analytic solutions for layered and homogeneous half-space 
earths. A method for determining the solution for an arbitrary number of layers 
is outlined. Asymptotic solutions for early and late times and their relationship to 
apparent resistivity are given in Section 2.3. The procedures used for correcting 
data for the drive current ramp turnoff time are also discussed.
Chapter 3 gives a detailed analysis of the TEM data from three sites for which 
a reasonable amount of well-log information from nearby locations is available to 
provide ’ground truth’ on subsurface materials. The three sites axe located on 
the North Slope of Alaska, one near the West Dock of Prudhoe Bay, a second on 
Reindeer Island in Prudhoe Bay, and a third a little south of Deadhorse Airport.
Chapter 4 gives the locations, experimental procedure, data and interpretations 
for the sites surveyed over sea-ice and on Reindeer Island. These sites are over 
very conductive materials and therefore require a different procedure for turnoff 
correction than is used at the sites described in the previous chapter and Appendix 
A. The correction procedure is discussed in this chapter. The conductive materials 
also lead to ambiguous inverse models due to rapid reduction of signals in the later 
gates.
Chapter 5 is a detailed discussion of an anomalous TEM response observed at a 
site in the Kuparuk region of the Alaskan North Slope. This response may be due to 
an Induced Polarization (IP) effect. The effect is modeled using complex resistivity 
in a layered earth. This approach may allow an understanding of anomalous TEM 
signatures which display sign changes. It is also possible that these sign changes
9
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may indicate the presence of gas hydrate structures and thus that the TEM method 
could prove to be a valuable exploration tool for such energy resources.
The summary and conclusions are presented in Chapter 6. Appendix A gives 
the locations, experimental procedure, background data and interpretations for 
the majority of the TEM sites. These sites form a North-South transect of Alaska 
roughly along the trans-Alaska pipeline from Prudhoe Bay to Glennallen. Appendix 
B contains the programs used for ramp time correction, computation of apparent 
resistivity, plotting, introduction of induced polarization effects, and convolution- 
deconvolution. Appendix C contains all the TEM data as recorded in the field.
1.3 A  BRIEF HISTORY OF PERMAFROST INVESTIGATION
The term “permafrost” was first used by Muller (1945). There were, however, 
numerous references to the occurrence o f frozen ground existing below the level 
of the seasonal freeze-thaw zone well before this date. The earliest of these is 
believed to be given in the military reports of Glebov and Golovin around 1642 
in Siberia as reported by Tsytovich (1963) and Washburn (1980). Legget (1963) 
cites the writing of Joseph Robson published in 1752 and James Isham in 1743 as 
very early observations of permafrost in the Canadian Northwest. More scientific 
investigations of permafrost did not take place until the 1800’s when Middendorff 
(1853) reported temperature measurements taken in permafrost in Siberia.
Tamura (1905) gives a review of the mathematical theory of ice formation 
crediting the work of Joseph Fourier for the basic formulation of the mathematical 
theory of heat conduction. Stefan (1891) and Franz Neumann were the first to 
develop mathematical models describing the penetration of frost into the ground.
10
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Their analyses laid the groundwork for the subsequent investigation of permafrost 
aggradation and degradation. The more general analysis of Neumann in 1862 is 
given in Reimann-Weber (1912) and Neumann’s solutions are given in Carslaw and 
Jaeger (1959). The importance of the contributions of Neumann and Stefan is 
apparent in modern texts where their solutions axe still presented. For example, 
Johnston (1981) and Lunardini (1981) use these solutions to provide the framework 
for modern analysis. It is not possible to achieve analytic solutions for any but the 
simplest transient heat conduction problems involving phase change (see Kawasaki 
et al., 1982). In modern analyses of the problem of freezing and thawing of ground, 
finite difference or finite element schemes are used in computer simulations of cou­
pled heat and moisture transport to provide solutions for two and three-dimensional 
geometries. '
It is well known that the frost penetrates from the surface downward due to cold 
temperatures at the surface of the earth. Therefore, climate is the most important 
element in determining the extent of permafrost. Another important element is 
the natural geothermal heat flow from within the earth; this heat flow tends to 
melt permafrost at its base. The thermal properties of the earth materials are also 
important. At a given site, permafrost thickness will be controlled by long-term 
temperatures at the surface. The thickness of permafrost, A X  =  KAT/J , depends 
upon the thermal conductivity K , the geothermal heat flux J, and the mean annual 
surface temperature (MAST) AT.
It is widely believed that much of the very thick permafrost is relict from past 
ice-ages when the global temperatures were colder. Hopkins (1967) maintains that 
geomorphological evidence of historical sea-level elevation fluctuations are an indi­
cator of past global temperature fluctuations. Higher sea-level is associated with 
warm temperatures and lower sea-level is associated with cold temperatures. In this
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
scenario, the northern shores bordering the Arctic Ocean experienced local temper­
ature changes of large magnitude as the water level rose and fell. The temperatures 
at the surface were coldest during exposure of the land and warmest when the land 
was covered with water. Historical cycles of submergence by water and subsequent 
emergence led to tbe present complex subsea permafrost environments as related 
by Vigdorchik (1980) and discussed in Chapter 4.
Much of tbe early knowledge of the extent of permafrost was discovered as a 
byproduct of the northward advance of civilization. Wells drilled for ground water, 
mining operations, construction of buildings, roads and railroads, and land clearing 
for crop cultivation uncovered information about the location of permafrost. Early 
maps of permafrost distribution were produced by pioneer permafrost investigators 
such as Pewe (1948) and Ferrians (1965) for the United States and Brown (1960) 
for Canada and the U.S.S.R.. Pewe (1982) has compiled pioneer encounters with 
permafrost in Geologic Hazards of the Fairbanks Area, Alaska.
Tbe earliest electrical geophysical prospecting for minerals was done by Conrad 
Schlumberger in 1912 (see Alluad, 1977) using the direct current (DC) resistivity 
method. In the same year, Wenner (1912) reported the first use of the four-electrode 
array. Akimov and colleagues investigated seismic velocity and DC resistivity for 
the delineation of frozen ground in the 1930’s (see Akimov et al., 1979). By the late 
1930’s, Joesting (1941) was using DC resistivity for mineral exploration in Alaska. 
Concurrently, DC resistivity was being used in the Soviet Union by Dostovalov 
(1947) for the same purpose.
The earliest work with DC resistivity showed the feasibility of determining the 
extent of permafrost. In 1939, Joesting reported to the Commissioner of Mines 
for the Territory of Alaska, “Resistivity work has been done on problems that are 
of indirect importance to prospecting ...[including the]... delineation of frozen and
12
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thawed areas.” Since these early studies were often undertaken to find the depth 
to bedrock, Joesting was dismayed when at Mammoth Creek the “main break ...[of 
the resistivity curve]... appears to be at the base of the frozen ground rather than at 
the top of bedrock.” Joesting considered permafrost a complication of his problem 
of finding the depth to bedrock.
DC resistivity remains an important tool for the electrical investigation of per­
mafrost even though the determination of thick permafrost requires array spacings 
that are as much as three times the expected permafrost thickness. Long wire 
lengths mean a great amount of time and labor in the field. Also, since the DC 
method energizes a half space proportional to the array dimension, the method 
suffers from a lack of horizontal resolution. DC resistivity is of great value for the 
determination of thin permafrost because the interpretation process is well known, 
the equipment is relatively portable, and array dimensions axe more manageable 
than in its application for thick permafrost.
The development of electromagnetic tools for the exploration of subsurface 
properties (see Heiland, 1940) led to the use of these tools for the exploration 
of permafrost and is reviewed by Scott et al. (1978) and Scott and Brown (1980). 
Much background information for the application of frequency domain EM methods 
to permafrost is covered in Hoekstra and McNeill (1973). The theoretical and 
practical advantages of EM methods were recognized very early. Daniels et al. 
(1976) obtained the first known EM measurements made over thick permafrost. 
The earliest publications on the TEM method for permafrost investigation are by 
Ehrenbard et al. (1983) and Sinha and Stephens (1983).
Sinha and Stephens (1983) discuss deep electromagnetic soundings over per­
mafrost in the Canadian Mackenzie Delta using both TEM and multi-frequency EM 
techniques. They claim that the transient system in the central induction mode is
13
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is less susceptible to lateral inhomogenieties than the multi-frequency method. The 
difficulty with the multi-frequency method is primarily due to the very large trans­
mitter to receiver distances required by this method in order to obtain exploration 
depths approximating the permafrost thickness. Using the TEM technique, Sinha 
and Stephens (1983) developed models which agreed with permafrost thickness to 
within 5% of that resulting from temperature logging, but they noted the possibil­
ity of equivalence (the nonuniqueness problem discussed elsewhere in this thesis) 
of different models. Sinha and Stephens (1983) obtained their results by matching 
forward modeled curves with the TEM data and did not take advantage of the 
finer tuning (resulting in a lower rms error between the data and the model) that 
is possible with computerized inverse modeling. Also, the interpreted TEM models 
predicted resistivities that are generally higher in magnitude than those obtained by 
uncorrected, in situ, borehole resistivity logs. The problem of correcting resistivity 
logs in permafrost is discussed in Chapter 3 of this thesis.
Ehrenbard et al. (1983) used TEM soundings along a line over sea ice in 
the Prudhoe Bay area of the North Slope of Alaska to construct a cross-section 
of subsea permafrost extending about 9 km offshore. Although the exact location 
of this line is proprietary information, it appears from the given location of Gull 
Island that the line extends across the mouth of Prudhoe Bay or is partly within 
Prudhoe Bay. Even though this profile line appears to extend over an area that 
may have a different paleohistory of submergence than that discussed in *■ chapter 
4 of this thesis, the two subsea permafrost profiles are somewhat similar. Also, as 
in the paper of Sinha and Stephens (1983), models for the TEM data were selected 
by matching forward modeled curves. Ehrenbard et al. (1983) claim a sensitivity 3 
times higher for the TEM technique than can be obtained by any other electrical 
technique for the determination of the depth to a conductor (permafrost base).
14
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In summarizing the prior papers (Sinha and Stephens, 1983; Ehrenbard et al.,
1983) on TEM soundings of permafrost, the following points should be noted.
(1) Both papers used the traditional, forward-modeling, curve-matching scheme 
to fit layered earth models. This scheme does not take advantage of the greater 
flexibility for varying the parameters of the models and the unbiased evaluation 
of the match between TEM data and the interpreted model which is afforded 
by the computerized inverse modeling technique.
(2) Neither paper assesses the effects of varying any particular parameter in the 
TEM models presented.
(3) Neither paper discusses the repeatability of the TEM data nor potential 
sources of errors in the TEM data.
(4) Corrections for the finite turnoff time of the transient transmitter (ramp 
time turnoff correction), which are important in the final output model, are 
apparently ignored in both studies.
(5) The differences between in situ borehole resistivity measurements and the 
models derived from the surface EM measurements axe not discussed.
(6) Neither paper addresses the problem of nonuniqueness in the TEM models.
As indicated in Section 1.1, all of tbe above problems axe considered in the
present investigation.
1.4 E L E C T R IC A L  C O N D U C T IO N  IN  SO LID S
The concept of resistivity, p, and its inverse, the conductivity, <7, comes from 
the property of any material, in reaction to an external electric field E , to produce 
a current flow. The constitutive relation known as Ohm’s Law, J =  crE, gives the 
current density, J, as related to the material property o. The property of resistivity 
of a material such as a soil depends in a complicated way on the physical config­
uration of the individual grains, their shape, their individual electrical properties, 
the temperature and pressure of their surroundings, the continuity and amount c f 
void spaces within the material, and the proportion of the voids filled with liquids 
and the electrical properties of the liquid.
15
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There are three distinctive types of electrical conduction in solids: 1) metallic, 
2) semi-conductor, and 3) ionic. Metallic conduction involves electrons freely mov­
ing under the application of a small electric field. Semi-conductors require sufficient 
electric field strength to overcome the potential barrier between the normal state 
(charge not free to move) and the conductive state. Ionic conduction involves the 
transport of ions within the material, normally along paths within the pore spaces 
which contain a liquid electrolyte. An example of a liquid electrolyte is saline water. 
Most pore waters found in nature have sufficient dissolved ions to be classified as 
ionic conductors.
In metallic conduction, electrons in the conduction bands are weakly bound 
to their host molecule or atom and therefore are free to move upon the application 
of an external electric field. The force felt by the electrons is F  =  qE, where F  
is the force on the electron, q is the charge of the electron and E  is the applied 
electric field. The electrons in metallic conductors axe so weakly bound they may 
be analytically treated as a free “Fermi gas,” see Kittel (1976). However, in a 
semi-conductor, there is an energy gap between the highest energy valence and the 
lowest energy conduction bands. Thermal excitation may raise the energy level of 
a valence electron into the conduction band, hence the name semi-conductor.
The energy gap is larger in some materials than in others. Most materials at 
normal temperatures that are not metallic conductors are semi-conductors. How­
ever, the energy gap is so large in some materials that little conduction is observed 
even at high temperatures. Electrolytic conductors may be classed as solid or liq­
uid. Solid electrolytes axe ionic bonded materials whereas liquid electrolytes are 
often composed of dissociated ions in a water solution. NaCl becomes Na+ and 
Cl~ in a water solution and these ions are free to move under an applied electric
16
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field. Solid electrolytes are limited in movement since the molecules are still bonded 
together. Both electrolytic conduction types may give rise to polarization effects.
17
1.5 TEMPERATURE DEPENDENCE OF RESISTIVITY
As early as 1833, Faraday investigated the temperature dependence of resis­
tivity upon phase change (freezing). Recent investigations (Hoekstra and McNeill, 
1973; Olhoeft, 1975; and Pandit and King, 1979) clearly show that the resistivity of 
earthen materials dramatically increases upon freezing. This increase in resistivity 
upon freezing can be used to investigate the thermal state of the solid earth. It is 
clear from nuclear magnetic resonance (NMR) studies such as Tice et al. (1978) 
that unfrozen water exists within natural materials even at very cold temperatures. 
The dramatic change in resistivity, therefore, arises from a blockage of conduc­
tion paths when only a portion of the water content has changed to the ice phase 
(ice-bearing).
A decrease or lowering of the freezing point known as the freezing-point- 
depression may occur due to solutes, pressure, and soil particle effects. Soil particle 
effects may be broken into two classes, 1) those due to geometrical effects (interface 
curvature) and 2) those due to surface effects of an electrical or chemical nature.
Interface curvature effects are most dramatic in clays where the particle sizes 
are less than 0.004 mm in size. With decreasing particle size and hence increasing 
curvature, the freezing-point-depression due to interface curvature, A Tc, follows the 
relationship
r
where the radius of curvature, r, of the soil grains is in meters and ATC is in degrees
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Celsius. This effect accounts for a part of the larger freezing-point-depression of 
clays over silts and of silts compared to sands.
Other soil particle effects are due to the nature of the particle surface. An 
empirical relation was used by Anderson et al. (1973) to predict the freezing-point- 
depression (A T jp) due to all soil particle effects using the fractional unfrozen water 
content (W ). Two constants (A, B)  are empirically determined to match the data 
using the relation
A  Tsp =  (W/A)b . (1.2)
Increasing salinity causes an increasing freezing-point-depression. The freezing- ! 
point-depression due to solutes (A Ts) for dilute solutions with ionic concentration 
ratios similar to sea water is
AT, =  0.0137 +  0.051990S +  0.00007225S2, (1.3)
where S is the concentration o f salts in parts per thousand and A T , is in degrees 
Celsius (Doherty and Kester, 1974).
Increasing depth in saturated soils produces higher hydrostatic pressure and 
increases the freezing-point-depression. The freezing-point-depression due to pres­
sure, ATP, may be related to the depth as
ATP =  7.53 x 10-4  Z, (1.4)
where Z is the depth in meters from the freshwater table (Doherty and Kester, 
1974).
Since the freezing-point-depression and resistivity depend upon so many vari­
ables whose values are usually not well known, predicting the resistivity of per­
mafrost as a function of temperature is not generally possible. While it is not pos­
sible to predict the electrical resistivity of permafrost, it has been well documented
18
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that the resistivity of materials with electrolytic pore water increases dramatically 
upon phase change from liquid to solid state. The experimental results of severed 
research studies as reviewed and summarized in Hoekstra and McNeill (1973) are 
shown in Figure 1.3. This figure shows that there is considerable change in the 
resistivity of common materials upon freezing, including for example, solid rocks 
with very little water content.
The temperature dependence of conductivity for temperatures above freezing 
for rocks saturated with electrolyte is
<7 =  <7o[l +  0(T  — 18)]. (1-5)
This equation, from Heiland (1940), with temperature T, in degrees Celsius and pro­
portionality constant /? (/? is about 0.025 per degree Celsius for most electrolytes), 
clearly shows an increase of conductivity with an increase in temperature. The 
conductivity of electrolytic conductors increases with temperature, whereas the 
conductivity of metallic conductors decreases with increasing temperature in the 
absence o f phase change.
In this study, the primary conduction mechanism will be considered to be 
electrolytic because this mode of conduction is dominant in rocks and soils with 
dissolved ions in their pore waters. However, the bulk conductivity of a material 
depends upon the porosity, percentage o f voids filled with pore water, tempera­
ture, and the conductivity of the pore water. The next two Sections discuss these 
relationships.
19
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Figure 1.3 The resistivity of various soils and one rock type as a function 
of temperature adapted from Hoekstra and McNeill (1973).
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1.6 BULK RESISTIVITY AND ARCHIE’S LAW
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Archie’s law (Archie, 1942), for thawed rock,
p =  apw6~msn, (1.6)
gives the bulk resistivity (p) of a rock in terms of the resistivity of the pore water 
the porosity (0) of the rock, and the fraction (s) of pore spaces containing 
pore water. The constants a, m and n are determined by fitting experimental data 
for a material type to Equation 1.6. The conspicuous lack of an explicit term for 
the resistivity of the host rock which contains the electrolyte is primarily due to 
the very high resistivity of most dry rocks. Notable exceptions are metallic ores 
and graphite deposits. For many rocks a is about 1 and n and m are about 2.
Following the studies by Sen et al., (1981) on the electrical properties of fused 
glass beads saturated with an electrolytic solution, the conductivity, a, is given by
<r =  (1.7)
where aw is the conductivity of the pore water, and the shape of the individual 
grains in the material matrix, relative to the applied field direction, determines 
the value of the constant L. Equation 1.7 exhibits a strong dependence on shape 
which defines the anisotropic electrical characteristics of a bedded material such 
as shale. For electrical fields perpendicular to the layering of a material having 
bedding planes, L approaches 1 and the conductivity approaches zero, whereas for
electrical fields parallel to the layering, L approaches zero and the conductivity
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approaches the conductivity of the pore water. If the matrix consists of spheres, 
L =  |, Equation 1.7 then becomes
a =  (rw03t2. (1.8)
Equation 1.8 was verified for fused glass beads by Sen et al., (1981). In general, 
since soil particles are not spheroidal in shape, the exponent of the porosity term 
varies. Sandstone fits the model fairly well (spheroidal shaped particles) and the 
experimental evidence shows that the exponent of 0, 1/(1 — L), varies between 1.2 
to 4 for empirical fits to Archie’s law.
1.7 DESCRIPTION OF THE TEM METHOD
The transient electromagnetic (TEM) method used for this study is the central 
induction method (receiver in the center of the transmitter loop) for measuring 
the vertical magnetic field (receiver loop is coplanar with the transmitter loop) 
which varies with time. The instrument used for all soundings was a EM-37 made 
by Geonics Limited of Canada. The method involves passing current through a 
transmitter loop lying flat on the surface of the earth. As schematically illustrated 
in Figure 1.4, the current is bipolar with twenty-five percent duty cycle on the 
positive current pulse and twenty-five percent on the negative current pulse. Note 
also that the current pulses have an exponential rise and a linear fall or turnoff. 
Time begins at the end of the ramp turnoff.
The transmitter loop, a single copper wire ( #  10) with plastic shielding, is 
formed by connecting four separate wires at the comers of a square. As illustrated
22
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Figure 1.4 The Geonics EM-37 transmitter current waveform with a repe­
tition period of T, a maximum current of 70, and a ramp turnoff time of TO 
adapted from McNeill (1982).
in Figure 1.5, the plan view of a field site, a receiver coil is located coplanar with 
and at the center o f the transmitter loop.
A three kilowatt generator runs a four hundred Hertz, three-phase, one hun­
dred twenty volt alternator to provide power for the transmitter console. The 
transmitter console controls the pulse repetition rate and measures the resistance 
of the transmitter loop, the output current and the turnoff time. The transmitter 
console provides the current described in Figure 1.4 to the transmitter loop. The 
receiver console is battery powered and the transmitter derives its power from the 
alternator.
Both transmitter and receiver consoles are crystal-controlled for timing. The 
crystals are very stable, temperature-controlled oscillators. Initially the transmitter 
and receiver are connected together and the crystal oscillators are phase locked. The 
phase locking is necessary since the receiver console will be removed to the center of 
the transmitter for sounding measurements and precise timing is essential. While 
the transmitter runs at one comer of the transmitter loop, the receiver is connected 
to the receiver coil and measures the induced voltage during the off time of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1.5 The plan view of a TEM field site showing the small receiver 
coil at the center of the large, square transmitter loop having sides of length 
L. The bearing of Line 1 is measured clockwise from Magnetic North.
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Figure 1.6 The Geonics EM-37 receiver gate locations for the repetition 
rates of 30 and 3 Hertz after McNeill (1982). Time starts at the end of the ramp 
turnoff. Note that the gate times ana widths axe evenly spaced in logarithmic 
time.
transmitter drive current. The off time begins at the end of the ramp turnoff time. 
The measured signal is taken at 20 discrete gates evenly spaced in logarithmic time 
as displayed in Figure 1.6. The times of the twenty gates (tg) depend upon the 
repetition frequency of the transmitter current.
The receiver console controls the gain of the receiver electronics (2n where n 
is the receiver gain setting), the stack setting (2N pulses are averaged for a receiver 
display where N  is the stack setting), and the polarity of the input connection 
to the receiver electronics. The receiver console requires the input of the trans­
mitter turnoff time so that measurements are only taken after the ramp turnoff. 
Additionally, the receiver gives an indication of the outside noise. •
The receiver console settings and gate voltages are recorded for each sounding. 
A single sounding set consists of two soundings recorded using different receiver 
polarity settings while all other receiver and transmitter settings are the same. 
A number of sounding sets are taken at each site with different gain and stack 
settings to check the operation of the TEM system and to give an indication of the 
repeatability of the data. If the data varies directly as the gain, then the medium
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is displaying linear response. If the data taken with longer stacking times (higher 
stacking number) displays about the same variation as the data taken with a shorter 
stacking time, then longer stacking times were not necessary and each data set could 
be used in the production of apparent resistivity data. The data collected in the 
field are corrected for ramp time and converted to apparent resistivity. The ramp 
time correction procedure and definitions of apparent resistivity are explained in 
Chapter 2.
It is possible to gain an insight into the operating principles of the TEM method 
using the work of Nabighian (1979). In Figure 1.7 a sequence of plots is displayed 
which show the change in time o f the current maximum induced in the ground 
following the abrupt termination of a magnetic dipole on the surface. At early 
times the current is close to the surface, but as time passes the current maximum 
diffuses downward and outward from the source. Because the signal received back 
at the receiver coil depends upon the strength of these currents, a major part of 
the received signal will come from the region of the current maximum. As the 
induced eddy current maximum diffuses downward with time, the received signal 
will be related to the resistivity o f the ground at deeper depths. In addition, the 
eddy current maximum broadens in space as it diffuses downward, which means 
the received signal represents a larger volume as time goes on. The work of Raiche 
and Gallagher (1985) definitively shows that the diffusion velocity of this eddy 
current maximum is not a constant and depends strongly on loop size. Raiche and 
Gallagher (1985) claim that conversion to pseudodepth sections did not produce 
reasonable correlations to geoelectric structure.
The apparent resistivity of the ground may be related to the voltage induced 
in the receiver coil, the dimensions of the transmitter loop and receiver coil, the 
current in the transmitter coil and time (see Chapter 2 for the asymptotic forms
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Figure 1.7 Four ’snapshots’ of the diffusion of the eddy current maximum 
from a TEM system, (a) shows the eddy current maximum is near the surface in 
early time, in (b) the maximum has moved downward and outward, continuing 
to move in (c) and (d) downward and outward from the loop center as time 
goes on. The eddy currents flow perpendicular to the paper, (after Nabighian, 
1979)
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for the early and late time approximations for the apparent resistivity; Ehrenbard 
et al. (1983) also give a useful discussion of these asymptotic forms). Once the 
apparent resistivity data are calculated, computer programs are run with varying 
geoelectric models in an attempt to match a model to the data. Factors possibly 
complicating the interpretation of the TEM data include: 1) the nonuniqueness 
of the model solutions, 2) the medium in question may not fit the layered earth 
scenario, 3) the medium in question may not display simple resistivity response, 
e.g., induced polarization effects are present, 4) equipment and external sources may 
produce noise in the data, 5) a square loop is used whereas the theory is developed 
assuming a circular loop, and 6) a general lack of ‘ground truth’ (even dual induction 
resistivity later-logs (DIL) from wells offer ambiguities in interpretation).
From a modeling point-of-view, the nonuniqueness problem is the most dis­
turbing. In simple terms, the problem is that it is possible to produce very similar 
apparent resistivity versus time curves using two different geoelectric models. The 
two curves may match the same TEM sounding data equally well. Often it is 
possible to trade off the thickness of a layer with its resistivity to obtain similar 
apparent resistivity curves. Parameter investigations do not address this important 
problem. The possibility for nonunique solutions increases as the number of layers 
in the geoelectric model increases. There is no solution to this problem, it can only 
be recognized as a possible cause of misinterpreting the TEM data.
It is not possible to address the effects of two- and three-dimensional resistivity 
variations upon the TEM sounding data of the present large scale study. Although 
some researchers have addressed this problem at great expense in computer time 
and software development, their programs are not available. Futhermore, the ap­
plication of two- and three- dimensional computer programs is appropriate only 
for intensive small-scale studies of sites with good supplementary lithological data.
28
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The works of Anderson and Newman (1985) and Newman et al. (1986) address the 
effects of two- and three-dimensional variations. The amount of variation present 
in the apparent resistivity curves depends strongly on the physical size and loca­
tion of lateral resistivity variations in relation to the location of the TEM system. 
However, the selection of study sites for this investigation was limited to locations 
for which very little lateral variation in resistivity was expected. It is not certain at 
this time that lateral variations in resistivity can cause sign changes in the received 
signal. A recent paper by Smith and West (1988) argues that sign changes for the 
TEM system must be attributed to an induced polarization effect.
Induced polarization (IP) effects can occur in earth material that has dielectric 
properties or complex conductivity; this is discussed in Chapter 5 where it is shown 
that the induced polarization effect of a complex conductivity may produce multiple 
sign changes in the TEM system in the central induction mode. These effects may 
be present in varying degrees at many sites causing an erroneous interpretation of 
the TEM data.
Equipment limitations are produced when the equipment noise is larger than 
the actual signal. Since the received voltage signal inherently decreases dramatically 
with time, it eventually reaches the noise level which is fairly constant with time. In 
addition there are limitations based on frequency considerations. The bandwidth 
of the receiver antenna in the TEM system is 40 kilohertz and therefore provides 
an upper limit on the frequencies of use to the TEM system. The lower limit is the 
fundamental frequency of the transmitter repetition rate with a highest rate of 30 
hertz. These frequency limitations correlate to approximate depths of investigation 
via the skin depth criterion, wherein the skin depth 6 is the depth at which the 
electromagnetic field is reduced by a factor of 1/e of the incident amplitude. The 
skin depth (in meters) is related to the resistivity p (fl-m) of the linear, isotropic,
29
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and homogeneous medium and the frequency of the electromagnetic wave /  (Hz) 
via
6 =  500VpT7. (1.9)
The frequency limitations mentioned above together with resistivity of about 50 
fl-m gives a skin depth of 645 meters at 30 Hz and 18 meters at 40 kHz. If 
the resistivity is 5 fi-m then the skin depths become 204 meters and 5.6 meters, 
respectively. For the resistivity of 1000 fi-m, the skin depths become 2886 meters 
and 79 meters, respectively. These numbers show that the transient system should 
be able to discern the depth to the base of a resistive layer such as permafrost in a 
variety of environments.
The possible error due to the field use of a square transmitter loop relative to 
a circular loop having the same area has been determined by Raiche (1987) to be 
less than 1 percent for the central induction TEM system. Thus, the formulation 
of the TEM method and inversion routines which are based on circular loops can 
be safely applied to the square loop without serious error.
Measurement errors in the current amplitude and the turnoff time are likely 
to have the greatest effect on the TEM data. An error in the reading of the 
analog meter used for both the current and turnoff time measurements may produce 
considerable variation in the apparent resistivity curves. It is not unusual to expect 
errors of ±  2 to 5 percent in the reading of an analog meter due to parallax and 
other sources of human error. Not only does the apparent resistivity depend upon 
the amplitude of the current, but the ramp turnoff time correction routine (to be 
discussed in Chapter 2) will have an additional effect on the net error. For the 
present study, an investigation of the result of such an error has been conducted. 
Assuming an error of ±  10 percent in the current, there will be a uniform error
30
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of 6.7 percent in apparent resistivity neglecting the effects of the ramp turnoff 
correction procedure. With the effect of the correction procedure, an error which 
overestimates the current leads to an overestimate of apparent resistivity of 6.6 
percent and if the current is underestimated, it will produce an underestimate in 
apparent resistivity of 6.8 percent in the first gate at 30 Hz. In other words, the 
effect of the ramp correction procedure is an additional 0.1 percent change. The 
error in the current will have a decreasing influence on successive gates as influenced 
by the the correction routine and would approach the 6.7 percent value.
The effect of an error in the turnoff time is somewhat more complicated to 
determine as this error reduces the certainty of our knowledge of absolute time for 
the receiver. Since the turnoff time is dialed into the receiver unit to coordinate 
timing, an error in this time will lead to errors in the actual gate times relative to 
the end of the ramp and they will be off by the error in the reading. This error 
in time overrides any other timing error (since the phase locked crystal oscillators 
are unlikely to vary more than one clock period, about one microsecond). Since a 
typical measurement of turnoff time is around 300 microseconds, an estimate of the 
maximum error in this reading is approximately ±  30 microseconds. This means 
that the actual receiver gate locations are off by 30 microseconds, throughout. This 
error will have the effect of slightly shrinking or stretching the apparent resistivity 
data curve, especially at early times. The possible instrumentation error in the 
timing of individual gates is unlikely to be more them one clock period and therefore 
is unlikely to produce appreciable errors in the TEM data.
In addition, the error in turnoff time will also affect the calculation of apparent 
resistivity. An overestimate in turnoff time causes an underestimate of apparent 
resistivity by 5.40 percent in the first gate, 5.20, 4.94, 4.65, 4.34, 3.96, 3.57, 3.2, 
2.8, 2.41, 2.09, 1.79, 1.49, 1.23, 1.03, 0.83, 0.67, 0.55, 0.44, and 0.35 percent for
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the succeeding gates through gate 20 because of the logarithmic time scale of the 
gates. If the turnoff time is underestimated then the apparent resistivity will be 
overestimated by 6.22 percent in the first gate, 5.96, 5.61, 5.23, 4.84, 4.38, 3.91, 
3.46, 3.00, 2.56, 2.20, 1.87, 1.54, 1.26, 1.05, 0.84, 0.69, 0.56, 0.44, and 0.35 percent 
for the succeeding gates through gate 20.
The possible errors from the measurement of current and turnoff time are 
dominant over other sources of errors in the early gates. Such systematic errors are 
thought not to exceed ±  10%. In the data taken at 3 Hz and 0.3 Hz for the sea-ice 
sites discussed in Chapter 4, data from many of the later time gates were not used 
in the inverse modeling since the signal level was comparable to the equipment 
noise.
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CHAPTER 2. TRANSIENT ELECTROMAGNETIC THEORY
2.1 INTRODUCTION
This chapter gives an approach to solving the transient electromagnetic (TEM) 
problem for a circular transmitter loop on the surface of the earth and a coplanar 
receiver loop at the center of the transmitter loop. This configuration is known as 
the central induction TEM sounding for the vertical magnetic field. The approach 
was presented by Morrison et al. (1969) and Ryu et al. (1970) and is reviewed here 
for completeness to clarify the physics of the technique.
The coordinate system and system geometry used are shown in Figure 2.1. This 
figure also shows a geoelectric layered-earth model with an arbitrary layer i having 
thickness h,-, conductivity a dielectric permittivity e* and magnetic permeability 
Pi. Details of the operational configuration of the particular TEM system used and 
a figure showing the plan view of a sounding layout were given in Section 1.6.
The current driven through a large circular loop produces a transmitter mag­
netic dipole moment, Mt =  IqA, where Iq is the magnitude o f the current in the 
single turn transmitter loop and A  =  irR2 is the area of a transmitter loop of radius 
R. The problem is to solve for the voltage induced in the receiver coil as a func­
tion of time after abruptly terminating the drive current in the transmitter loop. 
To accomplish this task, the mathematical formalism leading to the integral equa­
tion solutions for the electromagnetic fields from a transient magnetic dipole over 
a layered medium is developed in Section 2.2. In Section 2.3 asymptotic forms for 
the solutions, especially as applied in the use of apparent resistivity axe discussed. 
Section 2.4 discusses the application of turnoff corrections.
33
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Figure 2.1 The TEM system configuration, cylindrical coordinate system 
(r> and z) and the horizontally-layered earth used for the TEM theoret­
ical development. Any layer i has conductivity <7,, dielectric permittivity e,-, 
magnetic permeability p{, and thickness h{.
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2.2 THEORY
This Section demonstrates that the TEM solutions for the voltage induced in
a small receiver coil concentric to the center of a large circular transmitter loop
over a one-dimensional, layered-earth may be expressed as a double integral. One 
integral is over frequency (inverse Fourier transform domain) and the other is over 
Hankel-transformed space involving a Bessel function.
The set of equations known as Maxwell’s equations, in mks units, are given 
here as Equations 2.1 through 2.4:
V - D  =  q , ( 2 . 1 )
V - B  =  0, (2.2)
-  dB
V  x E  =  (2.3)
and
-  -  dDV x f T  =  J + | r . (2.4)
In Equations 2.1 through 2.4, E  is the electric field intensity in volts per meter, H is 
the magnetic field intensity in amperes per meter, D  is the electric flux density (or 
displacement vector) in coulombs per square meter, B  is the magnetic flux density 
in teslas and J is the current density in amperes per square meter. E, H, B, and D 
are collectively known as the electromagnetic field. V  is the familiar del operator 
for three dimensional space derivatives. The symbol • refers to vector dot product 
and the symbol x refers to the vector cross product operations. The symbol q 
represents free charge density in coulombs per cubic meter.
James Maxwell (1873) originally compiled these equations in a brilliant trea­
tise which summarized all the existing knowledge of the macroscopic interactions
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of electric and magnetic fields. For a more extensive historical development see 
Paris and Hurd (1969) and Jackson (1975) wherein the contributions of the many 
researchers leading to Maxwell’s synthesis are extolled.
The simplest possible constitutive relations,
J =  crE, (2.5)
B =  yH ,  (2.6)
and
D =  eE, (2.7)
(see Stratton, 1941, and Holt, 1963, for more information), are used which relate 
the electromagnetic properties of a material to the electromagnetic fields present. 
The units of conductivity a are siemens per meter (recall that a siemen is an inverse 
ohm and that the reciprocal of conductivity is resistivity, a =  1/p , so that the units 
of resistivity are ohm-meters). The units of dielectric permittivity e are farads per 
meter and the units of magnetic permeability y  are henries per meter. Thus the 
medium in question is taken to be linear, isotropic, and homogeneous.
Using Equations 2.5 through 2.7 and assuming time harmonic solutions of the 
form e ’^ut\ where the term % is the square root of -1, allows Maxwell’s equations to
be produced in forms which are only functions of E and H  as shown in Equations
36
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2.8 through 2.11.
and
V • eE =  0, (2.8)
V  • yH  =  0, (2.9)
V x £  =  —lujyH, (2.10)
V  x H =  (iue +  a)E. (2.11)
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In Equation 2.8, the right hand side is zero upon the assumption that no 
free charge is available in the ground. A layered earth or a half-space medium 
is assumed, following the early works of researchers such as Wait (1951, 1960) 
and Bhattacharyya (1957, 1959, 1963, 1964) for transient vertical dipole sources. 
By taking advantage of the cylindrical symmetry of the system configuration and 
the dipole source, one notes that only E#, H z and H r components are present as 
outlined in Morrison et al. (1969) and Ryu et al. (1970).
The V  operations may then be expanded and rewritten as
3 E
tujyHr =  -^-£, (2.12)
=  - 1 2 ^ 4 1 ,  (2.13)
and
dHr dHz , . x
~q ~z---------- =  (*we +  cr)E^ +  Ja. (2.14)
J , is the source current density and the material properties are those of any par­
ticular layer or of the half-space.
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It is now possible to eliminate Hz and Hr from the equations by substitution 
and arrive at equation 2.15, which can be solved for E $ and from which all other 
fields may be derived.
38
a2 a2 i _ a _ _ 2 _ , 2
dz2 dr2 r dr r2 E t =  iuy0^  R-8{r -  R)8(z). (2.15)
In this equation, R  is the radius of the transmitter loop, I  is the magnitude of 
current flowing in the transmitter loop, the Dirac delta functions, 6, specify the 
physical location of the current source, and the subscript zero denotes free space. 
k is the complex wave number where
kj =  u>V«ei — (2.16)
The subscript i denotes the ith layer. Equation 2.15 is a scalar differential equation 
for the angular component of the electric field intensity in a medium subjected to 
a step change in current.
The form of equation 2.15 is amenable to solution by application of the Hankel 
transform pair
F(X) =  H ^F (r))  =  f F(r)Ji(Xr)rdr (2.17)
Jo
and
H rHF(X)) =  F(r) =  f ° °  F(X)Ji(Xr)XdX. (2.18)
Jo
Ji(Xr) is the first order Bessel function. For more information on Hankel 
(Fourier-Bessel) transforms see Mathews and Walker (1970). Upon Hankel trans­
formation, the following is obtained
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—  +  k2 -  A2 
dz2 +  0 A
Since the electric field is always only in the (j) direction, the subscript <f> is 
dropped in favor of the subscript s to indicate that the field is in the region con­
taining the source. Upon use of the Fourier transform on z, a linear equation 
results. Upon application of the inverse Fourier transform back to z, the following 
is obtained
E ,(A, z ,u )  =  - ± u v o R T ( u ) W R ) — — — l , {z >  0), (2.20)
Z  U q
where u<j is in free space and in general
«,• =  yj\2 - k l  (2.21)
In free space, Uq X is an e-folding length scale, which is a measure of the attenuation 
of the field strength. Similarly, u~x is an e-folding length scale for any particular 
layer.
For all regions not containing the source current, Equation 2.19 becomes a 
homogeneous equation because the right hand side is zero in the absence of a source. 
The solutions will consist of fields with an exp(±u,z) dependence. Applying the 
boundary conditions of continuity of the tangential E  and H field components at 
the interfaces between layers provides a solution using the recursion method, in a 
direct analogy to the plane wave problem of the audio-magnetotelluric method (see 
Cagniard, 1953, and Telford et al., 1976).
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The input impedance at the surface of any layer i is
(2.22)
The intrinsic impedance of any layer i is
Zi(A,w) =  - ^ i .  (2.23)
Wait (1962) derives the following expression for the input impedance of a n- 
layered earth from the interfacial boundary conditions
=  z zii+2 l+ J } tanh(uLhA  (0 04)
1 Zi +  Z ^ ) t a n h { u i h i ) ' V ;
Solving Equation 2.24 n times beginning from the surface of the last layer 
where
Z n =  Zn (2.25)
gives the input impedance of the sequence of n layers. Equation 2.25 simply states 
that the input impedance of a uniform medium (the last layer or a half-space) is 
equal to the intrinsic impedance of that medium, and can be derived by noting that 
hn -  co.
The solution to the total E  field, which includes both the source (or incident) 
field (Equation 2.20) and the secondary (or reflected field) for a loop of current at 
an elevation h above the ground is
E (r,h ,u )  =  - iu n 0RI(U) I ""  £Xp^ .h). Ji(\R)Ji(\r)\d\. (2.26)
Jo u0 Zj1 +  Zjq
Using the inverse Fourier transform (see Kreyszig, 1983) one obtains
i r+oo
E(r, h,t) =  —  I E(r, h,uj)e,u>tdu>. (2.27)
7_oo
Once the solution field is known, the expected voltage as a function of time in
40
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a circular receiver coil coaxial with the transmitter loop is
u(t) =  27rnoro-E(ro, h,t), (2.28)
where no is the number of turns of the receiver coil and ro is the receiver radius. 
Integral equation solutions of similar form for a layered earth have been derived by 
Wait (1982), Kaufman and Keller (1983) and others.
The expression used by Anderson (1981) for E  is easily derived from Equations 
2.26, 2.27, and 2.28 using a variable transformation, assuming a causal system for
the earth, a step function drive current, and a transmitter loop on the ground 
(h =  0). Anderson (1974) showed that
The complex frequency function Hz(u) is derived from Equation 2.13 using 
Equation 2.26. H z(0) is the zero frequency (or DC) vertical magnetic field used to 
normalize Equation 2.29.
The additional term at the end of . Equation 2.30 is the zero frequency term 
(for a loop placed on the ground, Hz(0) =  h/2R) added and subtracted so that 
the integral is insured convergence. The subtracted term occurs within the kernel 
of the integral. Without this mathematical artifice, the function to be evaluated
(2.29)
where
and
Jo i
exp(
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oscillates wildly as the position of the loop approaches the ground (h —*• 0), because 
of the two Bessel functions of Equation 2.26.
Anderson (1974) chooses this form for ease in numerically computing the TEM 
decay curve. This process involves the computation of the double integral via an 
approximation using a filter for the Bessel function convolved with a cubic splined 
frequency function H z. Recall that the frequency function is derived by an itera­
tive procedure which depends upon the resistivities and thicknesses of the layered 
earth. This procedure is extremely fast and, if the frequency function has sufficient 
points per decade in frequency, extremely accurate for most realistic resistivities 
and thicknesses. The procedure has been incorporated into the programs of Ander­
son (1981, 1982). These programs have greatly aided the present research. As a test 
of the forward program (Anderson, 1981) which computes the TEM decay, results 
of published papers from Sinha and Stephens (1983), Ehrenbard et al. (1983), and 
Kaufman and Keller (1983) were reproduced. The reproduction of the published 
results of others gives assurance that Anderson’s programs are operating properly.
2.3 ASYMPTOTIC FORMS AND APPARENT RESISTIVITY
The complexity of the integral equation for the solution to the TEM decay led 
numerous researchers to look for simpler equations to use. Over limited periods 
of time, depending upon the resistivities and thicknesses of the layered earth and 
the transmitter parameters, formulas for late time and early time may be very 
useful tools for interpretation. An apparent resisitivity is defined, as is common 
in other types of electrical prospecting, to aid in interpretation. This definition 
involves approximation of a decay curve using early or late time approximations to
42
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the full field equation. An equation for the full field for a homogeneous half space 
(HHS or one layer extending to infinite depth) at an arbitrary radius r, with step 
current drive and neglecting displacement currents (Kaufman and Keller, 1983), 
comparable to Equation 2.20, is
E a =  - 3 Mtp 2n r4
r \ /  \ [ %  r  W3 \ / ~ u 2 \
©(“ ) -  y - ( u +  Y ) ezp (~2~)
2tt r . „u -  — , C =  2tt
(2.31)
(2.32)
where E$ is the electric field in the <f> direction in the plane of the loop, p is the 
resistivity of the half-space, C has units of length and u is dimensionless, M t is 
the transmitter dipole moment (current, / ,  times transmitter loop area, A =  irR2, 
times number of tums-one loop only for this study), and 0 (u ) is the probability 
integral
&^  = ) f^ J Q exP(~§~^dx- (2-33)
These equations describe the electric field strength with respect to both distance 
and time under simplifying assumptions. Since u is proportional to r/y/t, the 
limiting forms of the solution provide information on early and late time trends in 
the field strength.
Using the voltage induced in a receiver coil from Equation 2.28 and the prin­
ciple of reciprocity, a specific expression for the voltage displayed on the transient 
system EM-37 may be derived as
v = 3 M r M t p 2n 
7r R 5
r\t \ Z2 / “ 3\ u2@ («) - y - ( u  +  y )e icp ( — (2.34)
where v is the measured voltage in volts, M r is the receiver moment defined as the 
preamplifier gain (dimensionless) times the effective area (number of turns times
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the receiver loop area ) of the receiver loop and n is the receiver gain setting. By 
expanding the @(u) function as a power series in u, using one expansion as u —+ oo 
and another as u —► 0, asymptotic forms for Equation 2.31 for early and late time
may be derived. This procedure gives an expression for early time (defined as
(,/R <  2 by Kaufman and Keller, 1983)
<2-35>
Note that Equation 2.35 does not depend upon time and that this tendency is 
clearly evident in the data of the sites over sea ice discussed in Chapter 4.
The asymptotic form for the solution field E $ representing late times (defined 
as (/R  ^  1) is
/x5/2 cr3/ 2 r Mt . n .
* “  40 7T *5/2 • (2-36)
Equations 2.35 and 2.36 are used to define apparent resistivity to aid in interpreting 
the TEM data. Note that Equation 2.36 indicates the time dependence to be t~5/ 2.
Recalling Equation 2.28, using the expression for E $ for early time, and re­
versing the order of the equation gives a definition for the early time apparent 
resistivity
u 7i■ R5 
Pe ~  3 M t 2n M r '
Note that early time resistivity does not depend upon time.
In a similar manner, an expression for the late time apparent resistivity, pa, is
found to be
5 /3
. (2.38)
Normally f.i is taken to be the magnetic permeability of free space, po =  47t10- t  
henries per meter. It was determined that the forward program curves agreed very 
well with the Soviet theoretical curves (Rabinovich and Stepanova, 1972).
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This late time approximation used to define pa gives an indication of the change 
in resistivity with time. In turn, the pa versus time decay curve may be inverted or 
curve-matched to derive a geoelectric model of pa versus depth. One advantage to 
the use of the apparent resistivity concept is that the decay of the pa versus time is 
less rapid than the original sounding data (v versus t), i.e., f -5 / 3 rather than <~5/2, 
thereby requiring a smaller dynamic range in the inversion program.
2.4 TURNOFF CORRECTION
As mentioned in the previous section, the analytic forms for the TEM decay 
obtained for a dipole source assumes a step current drive. While it is not physically 
realizable, the step current is nonetheless a useful starting point. The actual current 
drive shown in Figure 1.4 indicates a ramp turnoff time, not a step. Since the data 
are observed with a ramp drive input and the theory uses a step drive, one must be 
altered relative to the other to allow for proper matching with the theoretical curves 
of Rabinovich (1978) and Rabinovich and Stepanova (1972), for example. The 
forward modeling program TCILOOP from Anderson (1981) used by the author 
also assumes the drive current is turned off instantaneously. The procedure taken 
in these studies was to develop a computer program to correct the sounding data 
to that which would have been taken with a step drive; this procedure is called 
turnoff (TO) correction.
A recent paper by Fitterman and Anderson (1987) discusses the need for ramp 
time correction and a procedure for obtaining the theoretical ramp response from 
the theoretical step response which was combined with TCILOOP (Anderson, 1981) 
to produce the forward modeling program FWDTCI. As of the time of the writing
45
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of this thesis, the ramp correction of Fitterman and Anderson (1987) has not been 
applied to the inverse program of Anderson (1982). The ramp correction procedures 
described in this thesis were developed prior to the publication of the paper of 
Fitterman and Anderson (1987) and did not require modification of the inverse 
program of Anderson (1982).
Corrections for a ramp time turnoff are based on the assumption that the earth 
is a linear transform system and, therefore, the response due to a drive current 
with a ramp turnoff time is related to the response due to a current turned off 
instantaneously (step response) by
1 f t g + T O
=  Y o  Jt S^ dt' ('2'39^
where TO  is ramp turn-off time, m (tg) is measured response, s(i) is step response, 
and tg is gate time (measured from the end of ramp turnoff).
The importance of the turnoff correction may be understood by considering 
the effects of various turnoff times over a homogeneous half-space. As a check of the 
correction routine, a 50 ft—m half-space was forward modeled using the program 
FWDTCI for turnoff times of 350 and 700 ps. The resulting apparent resistivity 
versus time curves were then treated as raw data for input in the inverse program of 
Anderson (1982). First the data were input directly without correction for a, ramp 
turnoff time and then with the correction developed in this thesis (see Appendix B 
for a listing of the correction program).
With the uncorrected apparent resistivity data used as input in the inverse 
program and an initial model consisting of a 50 ft—m half-space, the resulting 
inversions gave half-space resistivities of 71 and 106 ft -m  respectively for the 350 
and 700 fis ramp turnoff times. These results show that uncorrected data cannot 
be inverted to the right value (50 ft—m) for the half space. Indeed, a better match
46
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to the uncorrected data might have been obtained by models with more than a 
single layer!
To apply the correction procedure for the finite ramp turnoff time developed for 
this thesis (program RHOA, Appendix B) the apparent resistivities for the 50 ft—m 
half space obtained from the FWDTCI program for the turnoff times of 350 and 
700 jus were first converted into voltages using the late time definition of apparent 
resistivity (Equation 2.38). (These data sets may be regarded as “raw” field data 
that need to be corrected for a known ramp turnoff time.) These sets of voltage 
values were then corrected for the 350 and 700 /xs ramp times by the program 
RHOA and the corrected values used as input for the inverse program NLSTCI. 
Both sets of data gave resistivities of just over 50 ft—m (off by less than 3%) for 
the half space indicating the correction procedure works reasonably well. The small 
difference between the inverse model result and the true half-space resistivity is due 
to the fact that the correction routine assumes late time (f~5/ 2) behavior in voltage 
whereas the relatively low resistivity of a 50 ft—m half-space reaches late time 
behavior at about gate 7 (using 400 m square transmitter loop). The correction 
routine performs better as the resistivity of the earth increases.
The data discussed in the following chapters were corrected for ramp time 
turnoff. In Chapter 3, the TEM data from West Dock and Deadhorse displayed 
the characteristics of late time behavior and therefore Equation 2.38 could be used 
assuming a decay of i -5/ 2 in voltage. Generally the data from the sites of Appendix 
A also were characteristic o f late time behavior and used the same correction pro­
cedure.
As discussed in Chapter 4, an unusually conductive environment of saturated, 
saline, and unfrozen subsea sediments produces apparent resistivity curves which
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axe not representative of late time behavior. (Note that small p implies small val­
ues for ( ,  invalidating the late time criterion.) Therefore, ramp time corrections 
based on the asymptotic form for a time decay of t-5 / 2 could not be used. Instead, 
corrections were computed using the full field expression for the response of a ho­
mogeneous half space. The definition of apparent resistivity based on early time 
behavior is used to estimate a value for the first layer resistivity which was then 
used to correct for the ramp turnoff time. However, it turned out that the curves 
corrected for ramp time for the sites offshore differed only slightly from the uncor­
rected curves. Furthermore, the geoelectric model interpreted for the uncorrected 
curve was usually the best model for the corrected curve. Also, the first layer re­
sistivity (pi) found from the early time approximation was usually the best choice 
for the first layer of the model and tended to agree with the p\ found by matching 
theoretical curves.
The following procedure was used to implement the correction. First, the value 
of resistivity for the top layer p\, is found using the early time definition or by curve 
matching. Then the homogeneous half-space response (s(t), the step response) for 
a uniform earth with a resistivity of pi is calculated using the full field expression 
of Equation 2.31. The expected measured response (m(t)) is then calculated using 
Equation 2.39 and the ratio of s(tg)/m(tg) at each gate is taken to obtain the 
correction factor for each gate. Finally, the correction factor is multiplied by the 
experimental measured voltage at each gate to obtain the corrected voltages. Once 
the voltages are corrected, they are used in Equation 2.38 to produce apparent 
resistivity curves. Finally, the best fit geoelectric model is obtained by using the 
inverse modeling program of Anderson (1982).
The induced polarization effect in TEM soundings described in Chapter 5 
requires yet another method for turnoff correction. Since the curves displayed by
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the TEM IP sometimes change sign, the approximations of early and late time were 
of little use. In this case, the correction was done by a deconvolution-convolution 
process as discussed in Chapter 5.
2.5 SUMMARY
ij
I
The theory of the TEM method using coplanar transmitter and receiver coils 
in the central induction configuration, was reviewed in Section 2.2. The solution to 
the TEM soundings over a layered earth may be expressed as a double integral over 
inverse Hankel and inverse Fourier domains. In Section 2.3, the asymptotic forms for 
early and late time approximations were given. Asymptotic forms for the apparent j 
resistivity were then defined. The reasons for turnoff corrections were discussed in 
Section 2.4 and a method for implementing the corrections was developed. The 
data of each of the the following three chapters require different turnoff correction 
procedures.
49
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CHAPTER 3. AN ANALYSIS OF TEM SOUNDINGS
3.1 INTRODUCTION
The purpose of this chapter is to examine the results obtained using the tran­
sient electromagnetic (TEM) method at three particular sites for which a reason­
able, although not necessarily complete nor accurate amount of information was 
available in the form of subsurface resistivity and other data from well logs. All 
three sites were located in the North Slope region of Alaska. One site was located 
near the West Dock of Prudhoe Bay in the vicinity of the North Prudhoe Bay State 
Number 1 exploratory well. A second site was located on Reindeer Island which 
is approximately 13 kilometers offshore near Prudhoe Bay. (These two sites were 
along a line of TEM sites which extended over ice to investigate subsea permafrost. 
This work is presented in Chapter 4). The third site was located just south of 
Deadhorse Airport. Details of the location of the Deadhorse and West Dock sites 
as well as many other sites sounded along a transect of Alaska are presented in 
Appendix A.
The dual induction later-log (DIL) is a single-frequency, electromagnetic in­
duction device which is lowered down a well hole to give a continuous record of the 
resistivity with depth. This type of well log is the best indicator of subsurface re­
sistivity available and has been used in the interpretation of the base of ice-bearing 
permafrost by Osterkamp and Payne (1981) and Osterkamp et al. (1985). For each 
well log, the DIL record displays the results of three devices, two induction type 
instruments (ILM and ILD) and a focussing-electrode instrument (LL8). The ILM 
and ILD differ primarily in the separation between the transmitter and receiver
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
coils which governs the sounding depth into the sides of the borehole. The results 
of the deeper sounding device (ILD) are of greater interest as we are interested in 
the bulk features of the resistivity with depth.
Resistivity logs in permafrost present special problems, because they primarily 
reflect the resistivity of the thawed and thermally disturbed materials near the 
borehole associated with the drilling process. For example, it can be estimated 
from the Schlumberger Log Interpretation charts that the ILD DIL resistivities 
should be multiplied by a factor of at least 1.3, but more probably by a factor of 2 
to 5 to obtain a better estimate of the formation resistivities. These logs, however, 
axe useful in the delineation o f the depths of the high resistivity zones and hence 
provide invaluable information on formation thicknesses for inverse modeling.
In the subsequent discussions, the ILD DIL well log for a well nearby each 
site is presented and a gross average of resistivity as a function of depth is inferred 
to produce a forward model of TEM data that can be compared with the data. 
Interpretations given for the Appendix A sites, including two of the three sites 
discussed here, axe the results of extensive forward and inverse modeling using the 
NLSTCI program of Anderson (1982). The model which results from this process 
is the base model used in the parameter investigations for each of the three sites. 
Curves resulting from varying each parameter in the layered earth (thicknesses and 
resistivities) are displayed in multiple plots.
The results of these parameter investigations are discussed in terms of the 
potential resolution of individual parameters. A nearby DIL log is compared with 
the inverse model and an evaluation of the capability of the EM-37 to resolve the 
thickness of each layer under these circumstances is discussed.
51
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3.2 W EST DOCK SITE
The DIL well log from PBS #1 , which is located 3 miles south o f the West Dock 
site, is duplicated here in Figure 3.1 with the ILD “inked-in” by hand for clarity. 
This well log was used because no DIL log was available from the exploratory 
well North Prudhoe Bay State #1  at the time of this investigation. Osterkamp 
and Payne (1981) show that the interpreted depth to the base of permafrost for 
North Prudhoe Bay State #1  from a temperature logging was 560 m while that for 
Prudhoe Bay State #1  was 561 m from the DIL log. In addition, other well logs 
near the shore and nearby the West Dock site show a similar DIL well log to that of 
Prudhoe Bay State #1 . It is clear that the resistivity profile is extremely complex, 
but to a first approximation the profile is taken to consist of three distinct values 
corresponding to three different layers. The first layer is taken to have a resistivity 
of 80 Q-m down to 289 meters (948 feet) depth. A second layer has a resistivity of 
30 fl-m for 274 meters (900 feet) and the basement layer is 3 ft-m. The model is 
indicated by dotted lines in Figure 3.1.
This three layer model was then forward modeled for its TEM response and 
the results are displayed in Figure 3.2 together with the actual TEM sounding 
data. In this figure, the squares denote the TEM data and the circles which are 
connected by lines are the apparent resistivity values from the forward modeling of 
the three layer model from the DIL. Triangles represent the solution obtained with 
the inverse model. The base model is displayed as an insert in this figure and in all 
the figures for the parameter investigations for this site.
It is apparent that the two sets of data, calculated from the three layer model 
and observed, differ considerably. A part of the difference may arise from the
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Figure 3.1 Dual induction later-log (DIL) from ARCO Prudhoe Bay State 
#  1 discovery well. The deep later-log has been enhanced by hand. Note the 
resistivity scale is logarithmic whereas the depth is linear.
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BASE M O DEL
TEM FOR WEST DOCK ..GROUND TRUTH
The well log model is: rho=80/30/3 ohm-m, h=289/274 m
The base model is: rho=182/71/9 ohm-m, h=157/449 m
Figure 3.2 TEM sounding data plotted as apparent resistivity versus time 
compared to the well log model theoretical curve and the model resulting from 
computer inverse modeling (base model) for Prudhoe Bay W est Dock site.
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extremely simple geoelectric model used here when in fact there is considerable 
variation in the DIL as shown in Figure 3.1. Another difficulty is that drilling 
produces a thermal disturbance and the DIL soundings must penetrate through 
a warmer, less resistive zone to the permafrost or colder material. Thus the DIL 
resistivity values may not be accurate. Finally, the DIL also gives no information 
on the first 100 feet of material and this material has been been assigned the same 
resistivity as the material below 100 feet. It is actually remarkable that the forward 
modeling based on the DIL resistivity gives a profile as close to the shape of the 
TEM profile as it does.
Although the geoelectric model from the well log does not match the data very 
well at this site, the base model from inverse modeling (triangles) does give a fairly 
good match to the observed data. The geoelectric model from inverse modeling for 
three layers calls for a 182 O-m first layer that is 157 meters thick, a second layer 
of 71 fi-m that is 449 meters thick, and a basement resistivity of 9 fl-m.
Parameter investigations were undertaken using the resulting inverse model 
as the base model from which to vary the individual parameters of interest: the 
resistivities of the three layers and the thicknesses of the first and second layer. The 
results of these parameter investigations are shown in Figures 3.3, 3.4, 3.5, 3.6 and 
3.7.
Figures 3.3, 3.4, and 3.5 show the result of varying the resistivity of the first, 
second and third layer, in turn, with the other parameters held fixed at the values 
of the base model. Figure 3.6 shows the variation of the apparent resistivity as the 
first layer thickness is varied. Figure 3.7 shows the variation when the second layer 
thickness is varied.
The effects on the apparent resistivity curves due to varying the first layer 
resistivity are most dramatically evident in the early time gates whereas varying
55
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TEM VARIATION FOR WEST DOCK ..RHO 1
Resistivity of first layer varies from 20 to 300 ohm-meters
The base model is: rho=182/7l/9 ohm -m , h=157/449 m
LOG [TIME (secon d s)]
Figure 3.3 TEM apparent resistivity versus time showing the effect of vary­
ing the first layer resistivity between 20 and 300 fl-m for the site near Prudhoe 
Bay West Dock.
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TEM VARIATION FOR WEST DOCK ..RHO 2
Resistivity of second layer varies from 2 to 200 ohm-meters
The base model is: rho=182/71/9 ohm-m, h=157/449 m
□o DATABASE
A 2+ 20
X 100
o 2 0 0
-3  - 2 'LOG [TIME (seconds)]
Figure 3.4 TEM apparent resistivity versus time showing the effect o f vary­
ing the second layer resistivity between 2 and 200 O-m for the site near Prudhoe 
Bay West Dock.
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TEM VARIATION FOR WEST DOCK ..RHO 3
Resistivity of third layer varies from 0.5 to 1000 ohm-meters
The base model is: rho=182/71/9 ohm -m , h=l57/449 m
LOG [TIME (secon d s)]
Figure 3.5 TEM apparent resistivity versus time showing the effect o f vary­
ing the third layer resistivity between 0.5 and 1000 fi-m for the site near 
Prudhoe Bay West Dock.
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TEiM VARIATION FOR WEST DOCK ..HI
Thickness of first layer varies from 0 to 300 meters
The base model is: rho=182/71/9 ohm -m , h=157/449 m
LOG [TIME (secon d s)]
Figure 3.6 TEM apparent resistivity versus time showing the effect of vary­
ing the first layer thickness between 0 and 300 m for the site near Prudhoe 
Bay West Dock.
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TEM VARIATION FOR WEST DOCK ..H2
Thickness of second layer varies from 300 to 600 meters
The base model is: rho=182/7l/9 ohm -m , h=157/449 m
BASE MODEL
RESISTIVITY (fl-m )
-3 -2LOG [TIME (seconds)]
Figure 3.7 TEM apparent resistivity versus time showing the effect of vary­
ing the second layer thickness between 300 and 600 m for the site near Prudhoe 
Bay West Dock.
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the third layer resistivity produces effects mostly evidenced in the later gates. It is 
evident that the curves do not match the data well when the first and second layer 
differ in resistivity by ±10Q-m or less from the base model and about ±5Q-m in the 
third layer. It is also evident that a difference of 25 meters between the base model 
and a chosen value for the thickness of the first layer would stand out arid that a 
resolution of 5 meters may be possible without resorting to computer analysis. In 
addition, a difference of 10 meters between the base model and the chosen parameter 
value does not give a very good match to the actual data. These results, of course 
require that one fixes the other parameters, but if the other parameters were known 
values, then these parameter studies will allow us to establish some limits on the 
uncertainty of the values of the remaining parameters.
Osterkamp and Payne (1981) gives the depth to the base of ice-bearing per­
mafrost as determined from the DIL to be 560 meters. The present study shows 
from the inverse model that the depth to the base is 606 meters, which gives a per­
centage difference of +8.2 % between the TEM data and the more direct indications 
of the base.
3.3 DEADHORSE
The Deadhorse site was sounded with a square transmitter loop 400 meters on 
a side with 20 amperes of current. Details on this site can be found in Appendix 
A. The DIL from a well located nearby (ARCO D.S. 12-3) is shown in Figure 3.8. 
Again, note the complex nature of the profile; if most of the major complexitities 
are ignored and only the mean value is estimated for layering, the profile may be 
considered to consist of 2 or 3 major layers. For the 2 layer model, the first layer
61
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Figure 3.8 DIL record from ARCO D.S. 12-3 located near the Deadhorse 
TEM site.
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layer resistivity is 100 ft-m with a thickness of 576 meters and the basement has 4 
ft-m resistivity. In Figure 3.8 the 2 layer model is indicated by a dashed line. In 
the 3 layer model, the first layer is inferred to be 100 ft-m and 381 meters thick, 
the second layer is 40 ft-m and 195 meters thick, and the basement layer has 4 ft-m 
resistivity. The three layer model is indicated as a dotted line in Figure 3.8.
The two and three layer models given above were used to produce the the­
oretical curves shown in Figure 3.9. Also displayed on this figure are the TEM 
data and the results of inverting the data using the NLSTCI program of Anderson 
(1982) with the simple two and three layer models from the DIL as starting points. 
Note that none of the models fit the observed data. The large absolute difference 
between the forward models from the DIL and the observed data may be due to a 
difference in absolute calibration between the two instruments but it is more likely 
to be due to the large thermally-disturbed zone around the well having increased 
conductivity. In addition, both inverse models were unsatisfactory. The fact that 
the inverse program often does not iterate to a satisfactory model is the result of 
1) the form of the TEM data and 2) the sensitivity of the inverse process to the 
starting model. This sensitivity comes about because the program does not search 
the entire solution space available (within the limits set by the input parameter 
file) but examines the parameter space nearby the starting model (which is often 
very dissimilar to the solution space near another starting model). This aspect of 
the program is necessary to hold down run times.
The form of the data at this site is difficult to fit. The primary difficulty in 
finding a good match to the TEM data is the unusually sharp peak that occurs 
in the data. In an initial parameter investigation of the thickness and resistivities, 
it was apparent that no variation of these parameters could produce the sharply 
peaked waveform. In addition, the later time gates show a pronounced leveling
63
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TEM FOR DEADHORSE ..GROUND TRUTH
Well log model: rho=10Q/40/4 ohm -m , h=381/l95 
rho=100/4 ohm-m, h=576
Figure 3.9 TEM data and the theoretical curves for two models from the 
DIL record plotted as apparent resistivity versus time.
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out. It was not possible to produce a model with these characteristics using up to 
four layers with the parameters varied over a wide range of values. This site is an 
example for which the data could not be very well matched with any of the models 
devised. Possible reasons for this will be discussed at the end of this chapter.
Although none of the models gave results which matched the data very well, 
a two layer model matched as well as any in the sense that the rms error between 
the data and the inverse model was comparable with any model using more layers. 
This model is the base model (shown as circles in Figure 3.10) which consists of 
a first layer resistivity 1040 fl-m and a thickness of 616 meters and a basement 
resistivity of 2.14 fl-m.
Figures 3.10, 3.11, and 3.12 show the results of varying the resistivity of the 
first layer, the resistivity of the second layer, and the thickness of the first layer, 
respectively, with the base model described in the preceding paragraph. The base 
model is displayed as an insert in each of the figures.
Figure 3.12 suggests that if all the other parameters were well known, that a 
thickness change of 20 meters would easily be resolvable from the two layer model 
that best matched the data, namely the base model.
Even though the best match between the inverse model and the data is not 
very good in a visual sense, the error in the estimate of the depth to the base of 
ice-bearing permafrost, from the TEM 2 layer model relative to that estimated by 
Osterkamp (personal communication) directly from the DIL namely 576 meters, is 
only +6.9 %.
65
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TEM VARIATION FOR DEADHORSE ..RHOl
Resistivity of first layer varies from 50 to 5000 ohm -m
The base model is: rho=1040/2.14 ohm-m, h=616 m
LOG [TIME (seconds)]
Figure 3.10 TEM apparent resistivity data versus time for Deadhorse site. 
The resistivity of the first layer is varied in this sequence of apparent resistivity 
curves for the inverse base model.
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TEM VARIATION FOR DEADHORSE ..RH02
Resistivity of second layer varies from 0.05 to 10 ohm -m
The base model is: rho=1040/2.14 ohm -m , h=616 m
- 3LOG [TIME (secon d s)]
Figure 3.11 TEM apparent resistivity data versus time for Deadhorse site. 
The resistivity of the second layer is varied in this sequence of apparent resis­
tivity curves for the inverse base model.
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TEM VARIATION FOR DEADHORSE ..HI
Thickness of first layer varies from 300 to 900 meters
The base model is: rho=1040/2.14 ohm -m , h=616 m
LOG [TIME (secon d s)]
Figure 3.12 TEM apparent resistivity data versus time for Deadhorse site. 
The thickness of the first layer is varied in this sequence of apparent resistivity 
curves for the inverse base model.
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3.4 REINDEER ISLAND
Figure 3.13 shows the DIL from the Sohio Reindeer Island stratigraphic test 
well. The driller’s log for this well identifies the section from about 86 meters 
depth to about 156 meters depth as having relatively high clay content (up to 50 
percent). The higher clay content may be associated with the trend of a higher 
resistivity in this same section of otherwise fairly uniform sands and gravels. The 
higher resistivity may be due to the material being frozen, as is suggested by the 
decreased drill rate. Another higher resistivity section starting at about 256 meters 
depth also appears to be associated with a high percentage of clays and a lower drill 
rate. Clay begins at about 246 meters depth, accounting for as much as 90 percent 
of the material. The higher resistivity section extends to about 336 meters which 
is interpreted as the depth to the base of ice-bearing permafrost at this site. Clay 
content is not uniformly high throughout this entire region of higher resistivity. Part 
of the difference in resistivity between the higher resistivity and lower resistivity 
zones may be due to a difference in pore water salinity between what appears to 
be frozen fine-grained sediments and unfrozen coarser-grained sediments. These 
effects axe discussed in more detail in Chapter 4.
The DIL indicates a 4 or a 6 layer model would be a reasonable representation 
of the resistivity profile at this site. A 4 layer model is inferred to have a first layer 
of 10 f2-m resistivity 19 m thick (inferred from drilling logs, not the DIL), a second 
layer 237 meters thick with a 2 fl-m resistivity, a third layer of 20 Q-m resistivity 
(perhaps ice-bonded) 80 m thick, and a basement layer with 2 f2-m resistivity. This 
4 layer model is indicated by a dotted line in Figure 3.13. A 6 layer model differs 
from the 4 layer model in that the 6 layer incorporates an 80 m thick layer of
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Figure 3.13 DIL record from Reindeer Island Stratigraphic test well dis­
playing multilayered structure in resistivity.
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slightly higher (6 ft-m) resistivity within the 237 m of material. The 6 layer model 
parameters consists of a first layer 19 m thick with 10 ft-m resistivity, a second 
layer 67 meters thick with 1.5 ft-m resistivity, a third layer 70 meters thick with 6 
ft-m resistivity, a fourth layer 100 meters thick with 2 ft-m resistivity, a fifth layer 
80 meters thick of 10 ft-m resistivity, and a sixth layer of 2 ft-m resistivity. This 6 
layer model is indicated in Figure 3.13 as a dashed line.
Parameter values used for the two geoelectric models and their theoretical 
apparent resistivity curves are shown together with the TEM data at this site in 
Figure 3.14. The later TEM gates axe not reliable due to the equipment noise. 
Note that the resistivities of the data axe relatively low reflecting the more saline 
environment. Again, the models inferred from the DIL record do not match the 
TEM data very well, although they clearly match better than those of the Deadhorse 
site discussed previously. Because there are so many parameters in these models, 
there is a serious problem with nonuniqueness in the models for this site.
As in the previous examples, a large number of inverse models were examined 
and a model showing the best match (that match which has the least rms error 
between the data and the inverse model) selected els the base model. The parameters 
of this base model axe p\ =  5.5ft-m, pi =  2ft-m, pz =  5.5ft-m, p4 =  2ft-m, 
Ps =  70ft-m, P6 =  3ft-m, hi =  18.5 m, hi =  60 m, h% =  60 m, h4 =  79 m, and 
hs =  93 m. Note that this model is not dramatically different from the 6 layer 
model inferred from the DIL in constrast to the previous sites studied.
A parameter investigation was then undertaken using the base model. Figure 
3.15 demonstrates the effect of varying the first layer resistivity. In Figure 3.15 and 
the subsequent figures for the parameter investigations for this site is the base model 
displayed as an insert. An examination of Figure 3.15 reveals that the the apparent 
resistivity curves are not very sensitive to the resistivity of a thin (compared to
71
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TEM FOR REINDEER ISLAND ..GROUND TRUTH
Well log: rho=10/2/20/2 ohm -m . h=19/237/80 
rho=10/l.5/6/2/10/2 ohm -m . h=19/67/70/100/80
TEM theoretical curves of apparent resistivity versus time for 
models inferred from the DLL for Reindeer Island site. Shown 
for the 4 layer and 6 layer models and the actual TEM data 
taken.
Figure 3.14 
the geoelectric 
are the curves
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TEM FOR REINDEER ISLAND ..RHO 1
6 Layer rho=5.5/2/5.5/2/70/3 ohm -m . h=18.5/60/60/79/93
This 6 layer inversion model is the base
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- 3
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Figure 3.15 TEM curves of apparent resistivity versus time for Reindeer 
Island varying the first layer resistivity.
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the transmitter loop dimensions) layer provided it has a relatively higher resistivity 
than the next layer down.
An examination of Figure 3.16, obtained by varying the second layer resistivity 
reveals that the curves are fairly sensitive to the resistivity of the second layer. A 
comparison of Figure 3.15 at the same time allows one to see how it is possible to 
vary the resistivity of the first layer and the resistivity of the second layer inter­
actively to obtain nearly equivalent fits to the data. This illustrates the principle 
of nonuniqueness in the production of interpreted models for multi-layered media. 
In fact, there may exist many nearly equivalent models that fit the data equally 
well. Figures 3.17, 3.18, 3.19, and 3.20 show the results of varying the resistivities 
of the third, fourth, fifth and sixth layers. The effect of the resistivity of the base­
ment layer (sixth) is one of the most dramatic, showing that the resistivity of the 
basement will have the greatest effect on the later time gates. Although the later 
gates are more unreliable, the trend of the data before the unreliable gates shows 
the basement resistivity must be near 2 to 3 fl-m.
In Figure 3.21, the effect of varying the first layer thickness is shown. If all 
other parameters were known, it would be possible to discern the thickness of this 
layer to perhaps within ±2  meters relative to the base model. Figure 3.22 shows the 
effect of varying the thickness of the second layer. Note the serious problem with 
nonuniqueness as is suggested by comparing Figures 3.21 and 3.22. This difficulty 
is even more serious than can be inferred from Figures 3.21 and 3.22 because the 
resistivities also enter into the nonuniqueness. However, if all the other parameters 
were known, the thickness of the second layer relative to the base model could easily 
be discerned to within ±5 meters. Figure 3.23 shows the variation in thickness of 
the third layer. This is a relatively high resistivity layer and shows that the model is 
not very sensitive to this thickness. However, it may be possible to discern a change
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TEM FOR REINDEER ISLAND ..RHO 2
6 Layer rho=5.5/2/5.5/2/70/3 ohm-m. h=18.5/60/60/79/93
This 6 layer inversion model is the base
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Figure 3.16 TEM curves of apparent resistivity versus time for Reindeer 
Island varying the second layer resistivity.
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TEM FOR REINDEER ISLAND ..RHO 3
6 Layer rho=5.5/2/5.5/2/70/3 ohm-m. h=18.5/60/60/79/93
This 6 layer inversion model is the base •
Figure 3.17 TEM curves of apparent resistivity versus time for Reindeer 
Island varying the third layer resistivity.
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TEM FOR REINDEER ISLAND ..RHO 4
6 Layer. rho=5.5/2/5.5/2/70/3 ohm-m. h=18.5/60/60/79/93
This 6 layer inversion model is the base.
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Figure 3.18 TEM curves of apparent resistivity versus time for Reindeer 
Island varying the fourth layer resistivity.
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TEM FOR REINDEER ISLAND ..RHO 5
6 Layer: rho=5.5/2/5.5/2/70/3 ohm -m , h=18.5/60/60/79/93
This 6 layer inversion model is the base
LOG [TIME (secon d s)]
Figure 3.19 TEM curves of apparent resistivity versus time for Reindeer 
Island varying the fifth layer resistivity.
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TEM FOR REINDEER ISLAND ..RHO 6
6 Layer: rho=5.5/2/5.5/2/70/3 ohm -m, h=18.5/60/60/79/93
This 6 layer inversion model is the base
LOG [TIME (secon d s)]
Figure S.20 TEM curves of apparent resistivity versus time for Reindeer 
Island varying the sixth layer resistivity.
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6 Layer. rho=5.5/2/5.5/2/70/3 ohm-m, h=18.5/60/60/79/93
This 6 layer inversion model is the base.
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Figure 3.21 TEM curves of apparent resistivity versus time varying the 
thickness of the first layer for the Reindeer Island site.
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TEM FOR REINDEER ISLAND ..H2
6 Layer: rho=5.5/2/5.5/2/70/3 ohm -m , h=18.5/60/60/79/93
This 6 layer inversion model is the base.
LOG [TIME (secon d s)]
Figure 3.22 TEM curves of apparent resistivity versus time varying the 
thickness of the second layer for the Reindeer Island site.
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TEM FOR REINDEER ISLAND ..H3
6 Layer rho=5.5/2/5.5/2/70/3 ohm -m , h=l8.5/60/60/79/93
This 6 layer inversion model is the base.
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Figure 3.23 TEM curves of apparent resistivity versus time varying the 
thickness of the third layer for the Reindeer Island site.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
in thickness of ±10 meters relative to the base model. Figure 3.24 shows how much 
more sensitive the model is to the thickness of the relatively less resistive fourth 
layer. It would be possible to discern a difference of ±5  meters without difficulty. 
Figure 3.25 shows the results of varying the thickness of the layer with the highest 
resistivity in the entire sequence, the fifth layer. Once again, the model is not very 
sensitive to thickness of this layer but it may be possible to discern a difference of 
±10-20 meters relative to the base model.
To get a rough idea of the resolution of the TEM system in estimating the base 
of permafrost, a gross estimate of the resolution of each layer can be taken to be 
about ±10 percent of the thickness of the layer although the more resistive layers 
may be resolved with less certainty. Since the total depth resolution requires the 
addition of the uncertainities for each layer, this means that the total depth can 
only be resolved to about ±10 percent. If the base of the fifth layer is taken to 
be the base o f ice-bearing permafrost, its total depth is 310 meters. Therefore, an 
estimate of the depth resolution is about ±31 m. The actual depth estimated from 
the DIL is about 336 m whereas the result of the inverse model gives a value which 
is smaller by -7.6 percent. It is very important to recognize that the determination 
of the actual resolution of the system for the depth to the base of ice-bearing 
permafrost is much more complicated, involving not only the nonuniqueness of the 
TEM models, but also the possibility of other complicating factors discussed below.
3.5 DISCUSSION AND CONCLUSIONS
Models based on computer inverse modeling of the data from three TEM sound­
ing sites on the North Slope of Alaska have been examined and compared with the
83
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6 Layer rho=5.5/2/5.5/2/70/3 ohm -m , h=18.5/60/60/79/93
This 6 layer inversion model is the base.
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Figure 3.24 TEM curves of apparent resistivity versus time varying the 
thickness of the fourth layer for the Reindeer Island site.
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Figure 3.25 TEM curves of apparent resistivity versus time varying the 
thickness of the fifth layer for the Reindeer Island site.
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DIL records from nearby drill sites. At each site, a parameter investigation was 
conducted using the result of the computerized inverse modeling as a base model 
for the parameter changes. These investigations all show that the value of a partic­
ular parameter may be determined to within ±10 percent as an upper limit, if all 
the other parameters are known and held fixed. In particular, these studies' suggest 
that the depth to permafrost may be determined to within 10 percent of the actual 
value under certain circumstances.
It is not the intention of the author to claim that the resolution of the TEM 
method is in actuality better or worse than this estimate. To determine the actual 
resolution capability of the TEM method would require a much more extensive 
investigation o f the parameter space in each particular instance with true known 
values for the parameters. Each site discussed displays considerably different ap­
parent resistivity curves and different models based on the DIL, and therefore, a 
different parameter space. Since the parameter space for a particular model type 
is being used to model specific site data, the best approach to a description of the 
resolution of the TEM method would be to examine the error between the data and 
the curve predicted by the model. A complete map of the parameter possibilities 
must be examined, not just the variations around a local solution.
Finally, mention should be made of some complicating factors that may af­
fect the conclusions based on the parameter study and comparison with the DIL 
data. The DIL data gives no information about lateral inhomogenieties in resis­
tivity and further, the DIL devices are fixed frequency instruments that give no 
information on materials that may possess resistivity that is frequency dependent. 
The DIL resistivity data probably give reasonable estimates of the base of the ice- 
bearing permafrost and depths to other lithological features, but the magnitude 
of the resistivities are probably not representative of true formation resistivities in
86
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the permafrost zone. DIL resitivities cannot be corrected to obtain true permafrost 
formation resistivities using the existing Schlumberger Interpretation charts, be­
cause borehole sizes at shallow depths and the high resistivities of permafrost fall 
well outside the range of applicability of these charts. Reliable corrections for the 
DIL data require a complete knowledge of the extents of the thawed and thermally 
disturbed annuluses around a borehole, the soil electrical characteristics and the 
response function of the resistivity instrument.
Another complication is the possible occurrence of three-dimensional resistiv­
ity structures beneath the site of the soundings. Modeling studies using simple 
resistivity contrasts between three-dimensional bodies and the host material by 
Anderson and Newman (1985) show that there is a definite increase in the steep­
ness of the apparent resistivity curves obtained in the TEM central induction mode 
relative to the simple, layered or homogeneous earth case. This may explain the 
difficulty encountered in fitting the Deadhorse TEM data (Section 3.3) because this 
site displays a very steep apparent resistivity curve.
In Chapter 5, a case of an anomalous TEM response is discussed which is 
modeled by an induced polarization (IP) effect. The presence of materials exhibiting 
IP effects underlying the TEM sounding site may alter the response of the TEM 
system such that the existing inverse program used, which assumes simple resistivity 
for the earth, produces inverse models that cannot be made to exactly match the 
data.
Despite all the potential difficulties, the results of the inverse modelings appear 
to give reasonably good estimates for the depth to the base of ice-bearing permafrost 
when a reasonable starting model is available as for the three sites studied here. 
In Appendix A, a large number of TEM sites, where little or no ground truth in 
the usual sense is available, are studied. Where no in situ well logs are available,
87
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the depth to ice-bearing permafrost can be estimated by thermal modeling if the 
local climate is known. That any of the final models for the permafrost depth 
differ greatly from the estimates based on thermal modeling would suggest other 
unexpected materials or processes occur at the site, e.g. mineralization with low re­
sistivity and three-dimensionality or unfrozen conditions caused by hydrologic flow. 
In this sense, the TEM method can be a valuable aid in assessing the distribution, 
thickness and electrical characteristics of permafrost.
88
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CHAPTER 4. TEM DETECTION OF SUBSEA PERMAFROST
4.1 INTRODUCTION
This chapter gives the geoelectric interpretations of a set of transient elec­
tromagnetic (TEM) sounding data taken along a line from the NPBS #1 well 
through Reindeer Island, approximately 13 kilometers offshore. Geophysical mea­
surements have been made along this line (Osterkamp and Harrison, 1977; Sellmann 
and Chamberlain, 1980; Rogers and Morack, 1980) which provide an estimate of 
the depth to the ice-bonded subsea permafrost table. The TEM interpretations 
presented in this chapter axe based on computer generated inverse models of a 
horizontally layered earth.
Subsea permafrost which underlies the Beaufort Sea offshore of Prudhoe Bay 
is thought to be remnant of permafrost formed when sea levels were lower and land 
surfaces that axe presently inundated were exposed to cold air temperatures (Hume 
et al., 1972). Just onshore, the ice-bearing permafrost is thick (640m) (Osterkamp 
et al., 1985). Near the seabed, a thawed layer of subsea sediments exists which 
generally thickens with distance offshore. An ice-bearing zone exists below the 
thawed sediments. This ice-bearing zone shows evidence of layering and some of 
these layers may be thawed while others appear to be well-bonded (Osterkamp 
and Payne, 1981). In this area of the Beaufort Sea, geomorphological evidences of 
historical sea level fluctuations suggest that the North Slope close to the sea may 
have had sea-water invasions many times in the past (Hopkins, 1967). Recently 
the sea has been moving inland at about one meter per year (Hume et al., 1972). 
Because of the gradual rise in sea level, the ice-bearing subsea permafrost is thought
89
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to thin with distance offshore as suggested by the thermal modeling of Lachenbruch 
et al. (1982), Osterkamp and Harrison (1982), and Osterkamp et al. (1985).
It is evident from the above discussion that the lithology of the permafrost zone 
offshore is complex. It can be inferred from this that the variation of resistivity 
versus depth is also complex and the DIL logs from offshore islands confirm this 
showing evidence for a number of unfrozen and ice-bearing layers. Because of the 
sea water, thawed saline seabed, and relatively warm permafrost, the resistivities 
encountered offshore in the permafrost zone should be very low relative to land 
sites for the same depths. Under these circumstances, the use of electromagnetic 
induction methods such as the TEM to delineate the complex structure and the 
base o f subsea permafrost does not appear favorable, because the skin depth is 
relatively shallow, on the order of a few hundred meters (see Chapter 1.7 Equation 
1.9). Nevertheless, Ehrenbard et al. (1983) used the TEM method in an earlier 
study to estimate the thickness of the unfrozen layer and the depth to the base 
of subsea permafrost along a line in the Prudhoe Bay area, near, but apparently 
not parallel with the line studied in this chapter. The rationale for the study in 
the present chapter is to verify that the TEM method can be used to characterize 
subsea permafrost using a more sophisticated, inverse program and a more complete 
geophysical data set than was apparently available to Ehrenbard et al. (1983) and 
thus to complement the existing data on offshore permafrost along the West Dock- 
Reindeer Island line.
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4.2 EXPERIMENTAL DETAILS
Sounding sites were located on sea ice at 0.75,1, 3, 5, 7, 9, 11, and 14 kilometers 
from shore along a line, bearing N 31.5° E, from NPBS #  1 well which extends 
through Reindeer Island where a site at 13 kilometers offshore was located. These 
sounding sites are denoted as black circles in Figure 1.2. The Reindeer Island site 
and a site just onshore (0 km, West Dock site) were discussed in Chapter 3. At 
the time of the soundings during the spring of 1984, there were approximately 1.5 
to 2 m of sea ice over shallow (<  7m) sea water. Sounding data taken at the sites 
at 0 and -2 kilometers onshore were very noisy due to man-made electromagnetic 
interference; there were also numerous pipelines in the immediate vicinity of the 
sites and thus the data from them are not interpreted here. The West Dock data 
reported in Chapter 3 was sounded in 1983.
TEM soundings were taken with a Geonics EM-37 at repetition rates of 30, 3 
and 0.3 Hz with a square transmitter loop, 500 m on a side, and a small coplanar 
receiver coil located at the center of the transmitter loop, except for the 0.75 km 
(no large loop used) and the 14 km (400 meter loop) sites. All the sites were also 
sounded with a 250 meter transmitter loop, which aided in interpreting the data of 
the 500 meter loop.
Sounding data were reduced to field strength at the receiver coil and statistics 
(mean and standard deviation) for each time gate were computed. The data were 
corrected with algorithms written by the candidate using the full field expression 
(see Chapter 2, equation 2.34) rather than the simpler late stage approximation 
which was applicable for the sites discussed in Chapter 3. Once corrected for the 
ramp time turnoff, the data were converted to apparent resistivity and interpreted
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using the results of visual matching and computerized inverse modeling for a layered 
earth.
Initial interpretations o f the transient soundings were completed by visually 
matching a variety of forward modeled theoretical curves with the TEM sounding 
data. The forward model with the best apparent match to the data was used to infer 
the layered earth. These visual interpretations usually differ markedly from those 
arrived at by using the NLSTCI inverse program of Anderson (1982). Superior 
matches with the sounding data were obtained with the inverse process by allowing 
the program to iterate to the solution with the least root mean square (rms) error.
An example of a comparison between the models as determined by the match­
ing technique and by inverse modeling is presented in Figure 4.1. The 500 meter 
transmitter soundings at three kilometers offshore, which may be considered typ­
ical, have been reduced to apparent resistivity and plotted versus the square root 
of time on log-log scales in Figure 4.1. The interpreted model from the inverse 
program (dashed curve) and the visual interpretation (solid curve) show that the 
inverse result is a superior match.
Table 4.1 lists all the models attempted using the inverse modeling technique. 
Many different models were conceived in an attempt to find the one which gave 
the best fit to the data. Table 4.2 and 4.3 compare the predictions obtained from 
curve matching and computerized inverse modeling respectively. The resistivities 
axe given in units of f l—m and the layer thicknesses in m.
Table 4.2 lists all the sea ice sounding sites and the visual (curve matching) 
model results for 2 or 3 layers. Table 4.3 gives the results of computer inverse 
modeling for all the sites using the 1, 2, 3, and 6 layer models. Presentation of the 
results to 0.1 m in thickness and 0.01 fl-m in resistivity is not intended to indicate 
resolution, but to make more complete information available for future researchers.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
93
SQUARE R00T 0F TIME (SQRT 0F SEC0NDS1
Figure 4.1 TEM apparent resistivity data plotted versus the square root 
of time compared to the visually-matched model and the computer inversion 
model for the 3 kilometer site.
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T A B LE  4.1 M ODELS USED FO R  INVERSION
1) Homogeneous Half-Space (HHS): matches data to a single resistivity (p ).
2) Tw o layer:
pi : sea-water and thawed sediments.
Pi : higher resistivity ice-bearing region.
3) Three layer:
Pi : sea-water and thawed sediments.
Pi\ ice-bearing permafrost.
Pi : conductive basement.
4) Four layer:
a) : p\ : sea-water.
Pi : thawed sediments.
Pi : ice-bearing permafrost.
P a : conductive basement.
b) : pi : sea-water and thawed sediments.
Pi : partially thawed sediments.
Pi : ice-bearing permafrost.
P a : conductive basement.
•5) Five layer:
a) : pi : sea-ice.
pi : sea-water.
pi : thawed sediments.
Pa : ice-bearing permafrost.
Pi : conductive basement.
b) : pi : sea-ice.
Pi : sea-water and thawed sediments.
Pi : partially thawed sediments.
P a : ice-bearing permafrost.
Pi : conductive basement.
c) : pi : sea-water and thawed sediments.
Pi : ice-bearing permafrost. 
pi : thawed sediments.
P a : ice-bearing permafrost. 
pi : conductive basement.
6) Six layer:
a) : pi : sea-water.
Pi : thawed sediments.
Pi : ice-bearing permafrost.
P a : thawed sediments.
Pi : ice-bearing permafrost.
Pi : conductive basement.
b) : pi : sea-water.
Pi : thawed sediments.
Pi : partially thawed sediments.
P a • slightly higher resistivity partially thawed sediments.
Pi : ice-bearing permafrost.
Pi : conductive basement.
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TABLE 4.2 CURVE MATCHING GEOELECTRIC MODELS FOR THE 500 m 
LOOP SIZE FOR THE NPBS #1  THROUGH REINDEER ISLAND LINE 
(except for 14 kilometer site which uses 400 m loop size)
Sounding Site, kilometers offshore
Models
1 3 5 7 9 11 14
Pi 3.6 2.8 2.0 1.8 1.8 1.6 1.8
Pi 200 200 200 200 200 10 10
Pz 1.0 1.0 1.0 1.0 1.0
Ai 60 130 175 175 150 120 100
a2 500 500 300 300 300
RMS 24.2 1.9
TABLE 4.3 COMPUTER INVERSE GEOELECTRIC MODELS FOR 500 m 
LOOP SIZE FOR THE NPBS # 1  THROUGH REINDEER ISLAND LINE 
(except for 14 kilometer site which uses 400 m loop size)
Sounding Site, kilometers offshore
Models
1 3 5 7 9 11 14
HHS Pi 4.99 3.63 2.19 1.94 1.85 1.71 2.29
Pi 3.31 3.22 2.11 1.75 1.66 1.52 1.76
2 Pi 8.80 4.69 2.64 2.81 2.96 3.30 3.02
Layer hi 26.7 53.6 89.9 52.4 51.8 51.2 30.1
RMS 4.58 1.49 1.47 0.62 0.77 1.33 0.69
Pi 3.38 3.17 1.88 1.84 1.89 1.74 2.06
Pi 21.26 8.69 10.01 51.38 10.05 23.92 18.81
3 Pz 0.54 0.50 1.74 0.64 1.37 1.93 2.00
Layer hi 35.13 100.0 99.62 118.8 112.2 95.22 66.52
a2 535.6 583.7 222.5 100.1 75.9 69.67 59.00
RMS 5.60 0.38 0.57 1.08 1.88 2.38 0.55
Pi 0.27 0.40 0.45 0.42 0.39 0.30 0.67
Pi 3.68 3.26 1.99 2.05 2.09 2.10 2.26
Pz 6.95 6.01 2.55 9.80 7.06 5.04 3.74
6 P a 8.97 1.83 1.92 1.03 1.79 1.52 0.51
Pz 55.69 55.40 9.82 25.75 21.06 13.69 5.00
Layer Pz 0.17 0.29 0.57 0.51 0.42 1.82 0.45
hi 0.14 0.13 0.69 1.76 2.08 2.01 2.00
(6a and h 2 26.14 71.26 116.80 129.40 130.05 102.48 65.75
6b from h 3 70.13 190.26 24.53 105.87 63.54 136.24 148.34
Table 4.1) h* 34.46 23.83 34.55 61.76 47.49 40.00 8.09
hs 418.58 397.97 349.99 240.39 231.12 236.70 220.78
RMS 1.40 0.24 0.37 0.27 0.20 1.31 0.30
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The soundings in both Table 4.2 and 4.3 axe for the 500 meter transmitter loop 
data except for the 14 km site at which a 400 meter transmitter loop was used. 
Both Table 4.2 and 4.3 give the rms errors of the models compared to the sounding 
data. The thickness of the first layer is taken from the sea ice surface. Some of the 
visual results used a different number of data points and therefore the error is not 
listed.
Because it is known from theory and forward modeling that the thickness of 
the first layer is best resolved with a transmitter loop having a side dimension of 
similar size, the results of the 2 layer inverse modeling of the 250 meter transmitter 
loop data were used to estimate the thawed layer thickness. This estimate was 
then used as a first guess for the first layer thickness in the initial model for the 
laxger transmitter loop data inverse modeling. The final models from the inverse 
modeling of the larger (400 and 500 m) loop sizes are shown in Table 4.3.
The purpose of the iterative process in the NLSTCI program is to reduce the 
residual vector, defined as the array of absolute differences between the geoelectric 
model prediction and the field data taken at each time gate, to its least possible 
value by altering the values of model parameters, resistivities and thicknesses. Due 
to the extreme conductivity of these materials, all offshore soundings displayed early 
time behavior for the first several gates, in marked contrast to the higher resistivity 
materials reported for most of the sites of Chapter 3 and Appendix A. Early time 
behavior is exhibited by a response which does not depend upon time (see Chapter 
2 on asymptotic solutions). Therefore, the apparent resistivity decreases rapidly in 
these time gates and the early gates have a much larger apparent resistivity than 
later gates. For data having these characteristics, the convergence procedure of 
the NLSTCI program iterates to models that tend to fit the data at early times 
relatively better than at later times because it is based upon absolute residual errors.
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Thus, it was decided to alter the definition of the residual vector for NLSTCI to 
one divided by the magnitude of the resistivity at that time gate. The change
allowed the data from all time gates to be treated equally in the matching process. I 
A change was necessary as the apparent resistivity decreased by several orders of 
magnitude during the sounding; therefore the early gates would be given decided 
preference in the matching process. Once altered, the NLSTCI program iterated to 
solutions which gave better results at late times. These solutions were often helpful 
in leading to newer models, but were not always the best fit overall.
4.3 INVERSE MODEL RESULTS
A comparison of the errors obtained with the visual matching process with the 
inverse modeling process shows the superiority of the fit obtained with the inverse 
modeling procedure. The inverse modeling procedure appears to predict a thinner 
layer of thawed sediments above the ice-bearing permafrost than does the visual 
matching method, and suggests there is only a relatively small resistivity contrast 
between the thawed and ice-bearing layers for these two methods. This thinner 
thawed layer compares more favorably with drilling and seismic data along the 
line (Osterkamp and Harrison, 1977; Sellmann and Chamberlain, 1980; Rogers and 
Morack, 1980).
Drilling and seismic data from the shallow offshore region bordering the Beau­
fort Sea in the Prudhoe Bay area suggests a somewhat crude but reasonably general 
geoelectric model of the subsurface structure consisting of three layers: 1) a low 
resistivity layer of sea water and thawed sediments, 2) a high resistivity layer of 
ice-bearing sediments and 3) a low resistivity basement. However, it is known
I
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that resistivity varies dramatically with depth from well logs taken, on Gull Island 
(ARCO Gull Island State #2), a few kilometers to the east of the TEM transect, J  
on Reindeer Island (SOHIO Reindeer Island Stratigraphic Test Well), and on Ni- 
akuk Island on the east side of Prudhoe Bay (British Petroleum Niakuk #1). In 
fact, the Gull Island resistivity well log (see Osterkamp and Payne, 1981), shows 
several large variations in resistivity between 90 m depth and 250 m depth. These 
changes are on the order of a factor of ten and may represent as many as seven 
distinct layers. This complexity cannot be resolved by the transient system. Still, 
examination of the well logs available onshore as well as those offshore give some j
clues to possible lithologic control of the resistivity layering. There appears to be 1
. . . . ia consistent sequence of fine-grained material underlying the coarse-grained sands ! 
and gravels. This layer, which has been identified as having a high clay content 
from drilling logs, may act as a barrier to salt transport downwards as suggested by 
Osterkamp and Payne (1981). The presence of this sequence is indicated by an in­
crease in the gamma ray log and an increase in the resistivity log. The fine-grained 
material appears at a depth of about 180 m near West Dock and dips with distance 
offshore to about 250 m in depth at Reindeer Island.
The resistivity of the strata within the fine-grained sequence is greater, pre­
sumably because it is frozen and probably has a lower soil solution salinity. If such a 
lithologic control on resistivity does exist, its effect will be to increase the m inim um  
number of layers in our model. Prom the available information, it is evident that 
the variation of resistivity with depth is complex. However, it is desirable to have 
as simple a model as possible that still retains the essential features of the subsea 
strata identified as permafrost.
While a three layer model is desirable from the standpoint of being the simplest 
possible model from which the thickness of ice-bearing permafrost may be obtained,
98 !
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the six layer model, albeit a very complex model (which may not be resolvable with 
the available data), is more realistic, physically, in that it incorporates more of the 
known structural details.
Models incorporating a sea-ice layer did not differ significantly from the models 
without sea-ice, because the TEM sounding method is not sensitive to a thin (layer 
thickness much less than the transmitter loop diameter) highly resistive layer on the 
surface of a very conductive half-space. However, there was considerable change 
in the apparent resistivity curves when a highly conductive sea-water layer was 
incorporated, even though this layer was less than 7 m thick. It is unclear whether 
or not the results of models incorporating a thin sea-water layer are superior to 
those models which combine the sea-water and unfrozen sediments into a single 
layer.
Models for all transmitter loop sizes were run in two modes in which: 1) the in­
verse program treated each data point equally and 2) the inverse program weighted 
the data points according to the standard deviation for that point. Standard de­
viations were calculated for each data point using a limited data set. Normally, at 
each sounding site at least six sets o f readings were recorded. Alternate readings 
have reversed polarities such that natural and artificial sources of telluric fields Eire 
eliminated. This means three data points for each gate time were used to compute 
standard deviations. The system noise level claimed by McNeill (1980) was read­
ily verified because, whenever signal strength dropped into the noise, the standard 
deviations became very large. Generally, the results of the models using weighting 
completely ignored data points occurring later in time because of their inherently 
greater noise. This feature aided the simpler, one and two layer matching process, 
but it was of questionable value with the more complicated multi-layered models.
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Models were also run for which some elements of the model were constrained 
and the remaining elements were allowed to vary in the inverse process. Some of |
the initial modeling was done in this fashion with the resistivities held constant, but 
it was quickly discovered that no one set of resistivity values would give realistic 
models for all of the sounding sites. Initial modeling clearly indicates that the three 
layer model is so simple that one must vary the resistivities as well as thicknesses 
to obtain reasonable inverse models for the entire transect. It may be that the 6 
layer models could be constrained in resistivities and still give reasonable results 
but a limitation of resources has prevented pursuing such computer modeling.
All models presented here were arrived at using the inverse program in a mode 
wherein the model elements were only allowed to vary within certain limits. As an 
example, the limits for p\ at a particular site may be 1 to 5 ohm-meter and so the 
inverse program will take the initial estimate for p\ and only vary this parameter 
within those limits. Therefore, these results will be biased not only by the initial 
models given, but also by the limits imposed, a point that is extremely important 
when considering the very complex 6 layer models. In the following figures (Figures
4.2 through 4.10), the sounding data taken with 250 meter (solid black circles) and 
500 meter (plus signs) transmitter loops are presented for the offshore sites. The 
500 meter soundings were typically taken with sounding frequencies of 3 and 0.3 
Hertz (except for the 1 kilometer site) whereas the 250 meter soundings were taken 
at 30 and 3 Hertz. Whenever possible, the information from the smaller transmitter 
loop was used to aid the interpretation of the larger transmitter loop sounding.
Figure 4.2 displays the data and the decay curves for 2 and 3 layer models 
for the site 750 m offshore (within the figure for each site, an inset displays the 
geoelectric models used for that site). Only the smaller 250 meter transmitter loop 
was used at this site. Two models are shown which are the best fits from the inverse
100 |
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Figure 4.2 TEM data and models for the site 750 m offshore. The inverse 
models shown are for 3 layers (solid line) and 2 layers (dashed line) for the 250 
meter data.
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models. The thickness of the thawed layer from these models is approximately 26 
m measured from the sea ice surface to the ice-bearing permafrost. Osterkamp 
and Harrison (1985) found a depth (measured from the seabed) of 25 m to the 
ice-bonded permafrost table at 700 m offshore by probing.
Figure 4.3 displays the data and models for the 1 kilometer site. The 250 meter 
transmitter loop data are shown as solid black circles and the 500 meter loop data 
axe shown as plus signs. The curves shown for the 500 meter data are solid for 6 
layers and dashed for 3 layers, both from the inverse models of Table 4.3. In all of 
the subsequent figures for the offshore line, except for on Reindeer Island, the curves 
for the 500 meter data are from the models of Table 4.3. The 250 meter curves 
are solid for 6 layers and dashed for 2 layers. Typical of all the subsequent figures, 
the dashed 250 meter curve represents the response of an inverse 2 layer model 
derived from the 250 meter data, whereas the solid 250 meter curve represents the 
response from a forward model synthesized for the 250 meter loop size from the 6 
layer inverse model obtained from the data of the 500 meter loop.
The 2 layer model from the inverse modeling of the 250 meter data calls for 
approximately 30 m of material above the ice-bearing permafrost table. This ma­
terial includes the sea ice, sea water, and thawed materials. Approximate depth to 
the ice-bonded permafrost table from the sea ice surface is 31 m from drilling and 
sampling data (Sellmann and Chamberlain, 1980).
Data and models shown in Figure 4.4 are for the 3 kilometer site. This is the 
last site where the distinctive rounded peak in later time is well above the noise 
level. The peak is characteristic of a strong resistivity change: higher resistivity to 
lower resistivity. At sites farther offshore, past 3 kilometers, the later time gates, 
where the peak is to be found, have signal strengths that approach or that are in 
the system noise level and, therefore, are unreliable for interpretations. Intelligent
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Figure 4.3 TEM data and. models for the 1 kilometer site. The model curves 
are for 6 layers (solid line) and 3 layers (dashed line) for the 500 meter data 
and 3 layers (solid) and 2 layers (dashed) for the 250 meter data.
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Figure 4.4 TEM data for the 3 kilometer site. The model curves shown are 
6 layer (solid line) and 3 layer (dashed) for the 500 meter data and 6 layer 
(solid) and 2 layer (dashed) for the 250 meter data.
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stacking (averaging a large number of received signals in a particular time gate 
and then eliminating signals which axe not within, say, one standard deviation of 
the mean and reaveraging) has been demonstrated which is capable of reducing 
the noise in the later time gates (P. Hoekstra, personal communication). It is only 
through such reduction of noise, which allows resolution of the peak, that some of 
the questions can be answered regarding the continuous nature of an ice-bonded 
layer with increasing distance offshore. The TEM 2 layer inverse model for the 
250 meter tra.nsTnit.ter loop data calls for about 55 m of unfrozen material at this 
site. In contrast, the 6 layer inverse model for the 500 meter data predicts 71 m of 
thawed material. Sellmann and Chamberlain (1980) report a depth to ice-bonded 
permafrost from the seabed of about 65.1 m at 3.5 km along this line.
Data and models for the 5 kilometer site are shown in Figure 4.5. The 2 layer 
250 meter inverse model suggests that there is about 90 m of unfrozen material. On 
the other hand, the 6 layer inverse model from the 500 meter data calls for about 
117 m of unfrozen material. Ice-bonded permafrost is about 60 to 70 m below the 
sea ice surface (Sellmann and Chamberlain, 1980).
TEM data and models for the 7 kilometer site are shown in Figure 4.6. The 
2 layer inverse modeling of the 250 meter transmitter loop data predicts the exis­
tence of about 115 m of unfrozen material at this site. The 6 layer inverse model 
from the 500 meter data calls for about 130 m of unfrozen material here. These 
results disagree with the depth measured by Sellmann and Chamberlain (1980) who 
detected the ice-bonded permafrost table at 44.1 m below the seabed by drilling 
at 6.8 km offshore along this line. This point is not shown in Figure 4.11, which 
displays primarily the results of the seismic data. It is possible that the drilling 
encountered an isolated pocket of frozen material but the difference between the
105
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Figure 4.5 TEM data for the 5 kilometer site. The model curves shown are 
6 layer (solid line) and 3 layer (dashed) for the 500 meter data and 6 layer 
(solid) and 2 layer (dashed) for the 250 meter data. .
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Figure 4.6 TEM data for the 7 kilometer site. The model curves shown are 
6 layer (solid line) and 3 layer (dashed) for the 500 meter data and 6 layer 
(solid) and 2 layer (dashed) for the 250 meter data. '
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modeling results and the results reported by Sellmann and Chamberlain (1980) is 
alarmingly large.
TEM data from the 9 kilometer site and models are shown in Figure 4.7. The 
unfrozen layer thickness from the 250 meter transmitter loop data inverse model is 
about 110 m and the 500 meter data 6 layer inverse model gives about 130 m for 
this unfrozen zone thickness. Information presented in Sellmann and Chamberlain 
(1980) suggests a depth of 110 to 145 m from the sea ice surface to the ice-bonded 
permafrost table.
TEM data and models for the 11 kilometer site are shown in Figure 4.8. The 
unfrozen thickness at this site from the 250 meter transmitter loop data, 2 layer 
inverse model is about 95 m (1.32 ft—m over 39 ft—m), whereas the 500 meter data, 
6 layer inverse model calls for a thickness of about 103 m. A summary of available 
data on depth to ice-bonded permafrost from Sellmann and Chamberlain (1980) 
provides an estimate of about 110 m from the sea ice surface.
Data for the site on Reindeer Island (13 kilometer) are shown in Figure 4.9 
along with the 6 layer model derived from the well log (dashed line) and the 6 layer 
inverse model (solid line). The resulting model differs only slightly from the well 
log model derived from roughly average resistivities and thicknesses observed on 
the DIL resistivity log, which was found to be fairly well represented by 6 layers. 
Six layer resistivities from the well log beginning with the first layer are: 10.0, 1.5, 
6.0, 2.0,10.0, and 2.0 ft-m and thicknesses of the first five layers are 19, 60, 80, 100, 
and 80 m, respectively. This well log model was the input model for the NLSTCI 
program to produce the forward sounding curve and inverse result shown in Figure 
4.9.
The inverse model for the 13 kilometer site consists of the following resistivi­
ties beginning with the first layer: 5.46, 2.04, 5.46, 2.12, 70.42, 3.26 ft-m and the
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Figure 4.7 TEM data for the 9 kilometer site. The model curves shown are 
6 layer (solid line) and 3 layer (dashed) for the 500 meter data and 6 layer 
(solid) and 2 layer (dashed) for the 250 meter data. •
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Figure 4.8 TEM data for the 11 kilometer site. The model curves shown 
are 6 layer (solid line) and 3 layer (dashed) for the 500 meter data and 6 layer 
(solid) and 2 layer (dashed) for the 250 meter data. •
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Figure 4.9 TEM data for the 13 kilometer site. The model curves shown 
are for 6 layers (dashed lines) derived from the well log and 6 layer (solid lines) 
inversions for the 400 meter data and the 250 meter data.
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thicknesses of the first five layers axe 18.51, 59.71, 60.49, 79.43, and 92.74 m, re­
spectively. The curves for the 250 meter data axe the same as for the 6 layer models 
obtained from the 500 meter data, but recomputed via forward modeling for the 
smaller transmitter loop.
Data for the site at 14 kilometers offshore (1 kilometer past Reindeer Island) 
axe shown in Figure 4.10. A large ice ridge present north of the island at the time 
of the sounding precluded the use of a 500 meter transmitter loop and, therefore, 
a 400 meter loop was used at this site. First layer thickness from the 250 meter 
transmitter loop data, 2 layer inverse model is about 32 m whereas the 6 layer 
inverse model calls for about 66 m of material above the ice-bearing permafrost 
table. Data summarized by Sellmann and Chamberlain (1980) were extrapolated 
for an estimate of the depth from the sea ice surface to ice-bonded permafrost of 
only about 20 m. However, the data is skimpy beyond Reindeer Island.
4.4 DISCUSSION
112
Homogeneous Half-Space Results '
Homogeneous half-space (HHS, Table 4.3) results clearly show that the bulk 
resistivity decreases with distance offshore except for the 14 kilometer site. The 
general decrease in resistivity with increasing distance offshore may be a result of 
increasing temperature, a change to finer-grained soils, silts and clays or increasing 
thickness of the thawed layer, or decreasing thickness of the ice-bearing permafrost. 
It is likely that the general trend in resistivity is a combination of all these factors.
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Figure 4.10 TEM data for the 14 kilometer site. The model curves shown 
are 6 layer (solid line) and 3 layer (dashed) for the 500 meter data and 6 layer 
(solid) and 2 layer (dashed) for the 250 meter data. •
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Note that the 2 layer results for the 500 meter loop size show less variation in the 
first layer resistivity.
Two Layer Results
Again, the general trend, namely, that the first layer resistivity decreases with 
distance offshore, is evident in these results shown in Table 4.3 for the 500 meter 
loop size. These models clearly show that the resistivity contrast between the 2 
layers may be very small.
From these results, the thickness o f the thawed layer is inferred to increase from 
27 m at 1 km to to 90 m at 5 km. From 7 to 11 km the unfrozen layer is about 50 
m thick and 30 m at 14 km. While the transient results axe in good agreement with 
the seismic and drilling data for the 250 m sounding data, the results of the larger 
loop size inverse modeling seldom agree. This is expected since the smaller loop 
size should resolve the first layer better than the larger transmitter loop. However, 
they do agree in general trends and are in much better agreement with the seismic 
and drilling data than the results o f Ehrenbard et al. (1983) for the same distances 
offshore. Some probable causes of the disagreement with the results of Ehrenbard 
et al. (1983) are discussed in the next section.
Three Layer Results
Three layers are the least possible number of layers for a physical model from 
which we may be able to estimate the thickness of the ice-bearing layer.' The
114
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ice-bearing thickness is one of 5 parameters (the three layer resistivities and the 
thickness o f the first two layers). None of these parameters are known absolutely. 
In fact, each parameter will vary and cannot be assigned an initial constant value. 
It should be noted that the thickness of the second layer will primarily be evident 
in the late time (low frequencies will give late time behavior; low frequency elec­
tromagnetic waves penetrate to greater depths, while the higher frequencies are 
highly attenuated (Kaufman and Keller, 1983)). Since the later time gates have a 
much greater likelihood of being very noisy due to decreased signal strength, we 
can expect some difficulty in resolving the least known parameter: the thickness of 
the entire ice-bearing sequence in the subsea environment.
Table 4.3 which lists the resulting models for the 3 layer inverse modeling 
shows that: 1) the ratio between the first two layer resistivities is usually less 
than 10, 2) the model values for resistivities Eire bounded but the results show 
significant variation at the same depth from site to site, 3) the permafrost layer 
as deduced from the modeling tends to thin with distance offshore and 4) the 
thawed layer first thickens with distance offshore and then thins as Reindeer Island 
is approached. Because the signal strength at later times in the transient decay 
tends to be more greatly influenced by deeper, more conductive layers, the 3 layer 
TEM results probably give an indication of the base of the first ice-bearing layer, 
not the base o f the permafrost which consists of a sequence of ice-bearing and 
unfrozen layers. This can be inferred from an examination of the response curves for 
Reindeer Island shown in Figure 3.25. Variation of the deepest relatively resistive 
layer thickness produces curves that are not dramatically altered in the first 14 
gates. In other words, the primary response in a multi-layered system will be to 
the layers lying nearer the surface. Under some circumstances, then, one may expect
115
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
significant differences to occur in estimating the depth to the base of permafrost 
using models with different numbers of layers.
The resulting models for three layers have been used to construct the subsea 
permafrost profile shown in Figure 4.11; the permafrost table and base at NPBS #1 
well are also shown (see Chapter 3 for details of the TEM West Dock and Reindeer 
Island sites). A sketch of the results of drilling and seismic data (Osterkamp and 
Harrison, 1977; Sellmann and Chamberlain, 1980; Rogers and Morack, 1980) along 
this same line, for the thickness of the thawed sediments, axe shown for comparison. 
Osterkamp et al. (1985) estimate the base of ice-bearing permafrost from well logs 
as shown by the lower dashed line in Figure 4.11. The offshore data point at 4 km 
for the base o f ice-bearing permafrost is based on the logs from Gull Island which 
is approximately 6 km southeast of the 4 km point on the NPBS #1  to Reindeer 
Island line and thus may not give a good estimate of the base o f permafrost.
Ehrenbard et al. (1983) present a 3 layer subsea permafrost profile obtained 
with the TEM method, which, although not along the same line as in the present 
study, is in the same general area and may be compared to the profile presented 
here. Station B in Figure 6 (reproduced in this thesis as Figure 4.12) of the paper 
by Ehrenbard et al. is stated to be located near Gull Island. The distances shown 
in Figure 4.12 indicate that station B is about 3.2 km from shore. The TJSGS 
topographic map Beechey Point (B-3), Alaska revised in 1975 shows the closest 
proximity o f Gull Island to shore is about 4 km and thus there is some doubt 
about the exact location of the sounding line shown in Figure 4.12. However, if the 
profile line is taken to be perpendicular to shore as stated in the text and it passes 
through or near Gull Island, the line would intersect shore at least 3 km south and 
east of West Dock and have a bearing which takes it across the mouth of Prudhoe 
Bay. The inferred location and bearing of the sounding line from Ehrenbard et al.
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Figure 4.12 Subsea permafrost profile from Ehrenbard et al. (1983) along 
a line from shore to near Gull Island using the TEM method.
(1983) is considerably different from the one studied in this thesis and therefore 
the subsea permafrost beneath these lines may have undergone somewhat different 
evolutionary histories.
It is important to note that the paper by Ehrenbard et al. uses a simple 3 
layer model to represent the layering at Gull Island, although the Gull Island. DIL 
indicates there are 3 comparable higher resistivity zones in the section between 
the bottom o f the well casing (100 feet, 30.5 m) and 550 feet (167.6 m). The 
higher resistivity sections may indicate the existence of several layers which should 
be taken into account in the interpretation process. In addition, the estimates 
for the permafrost table from Ehrenbard et al. are two to five times deeper than 
information from drilling and seismic data suggests. The results of the present study 
indicates that the simple three layer model is unlikely to represent the permafrost
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section beyond about 3 km offshore. It should also be noted that the resistivity 
values from the TEM modeling by Ehrenbard et al. are larger than the resistivities 
from the Gull Island DIL. Higher TEM estimates of resistivity are also consistent 
with the results of this thesis and the work of Sinha and Stephens (1983).
The three layer model results of this thesis show that the thawed sediments 
increase in thickness offshore to a maximum of about 118 m at 7 kilometers offshore. 
They also predict that the ice-bearing permafrost thickness increases slightly from 
560 m onshore to 584 m at 3 kilometers offshore, rapidly decreases to 100 m at 7 
kilometers offshore and slowly decreases to 59 m at 14 kilometers offshore. It must 
be emphasized again that the predictions of subsea permafrost thickness in terms of 
a three layer model beyond three kilometers offshore are not likely to be accurate. 
This is due to the presence of a fairly thick, high conductivity seabed layer and the 
multi-layered ice-bearing region. The general trend o f thinning with distance from 
shore predicted by the three layer model is, however, probably real.
Six Layer Results
While the data may be fit more closely by using an increased number of layers, 
the resolution of the thickness of the ice-bearing layer may not improve. As an 
example, consider the results of the 3 and 6 layer models for the 3 km site which 
are shown in Figure 4.4. Displayed in this way the 6 layer model clearly appears to 
be a superior fit. Also when a comparison of their rms error is made, as tabulated 
in Table 4.3, it can be concluded that in all cases the 6 layer models were superior 
fits.
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However, it seems unlikely that the lower, more highly resistive (perhaps ice- 
bonded) layer in the 6 layer model extends so fax offshore with only a nominal 
decrease in thickness, in disagreement with the well log at Gull Island. On the other 
hand, as indicated above, the three layer inverse models may only resolve the depth 
to the first higher conductivity layer and not discern the entire ice-bearing sequence 
of thawed and frozen layers. Only future exploration will determine which of the 
two, or perhaps some intermediate model, is the most correct. The large variations 
in ice-bearing thickness and a lack o f a reasonable decrease in thickness of the ice 
bearing layers with increasing distance offshore for the six layer models display the 
difficulty associated with resolving the ice-bearing thickness using a greater number 
of layers.
Resistivities for the seawater and unfrozen layers obtained in this thesis are 
similar to those of Corwin (1983,1985) using the DC resistivity method in the same 
general area. However, there seems to be too large a variation between sites in the 
resistivities obtained by both the DC and TEM methods for unfrozen near-surface 
layers. For the TEM method, this is at least partially due to the nonuniqueness of 
the parameters used in inverse modeling and the large bounds allowed.
The base of ice-bearing permafrost from the 6 layer results are shown in Figure 
4.11. Depth to the base is 684 m at 3 km, decreases to 538 m at 7 km, and decreases 
to 445 m at 14 km. This prediction compares more favorably with the results of 
Osterkamp et al. (1985) beyond 3 km than does 3 layer modeling, but as indicated 
above, the predicted thickness falls off much too slowly. The permafrost table, taken 
as the top of layer 3 from the 6 layer modeling, agrees reasonably well with the 3 
layer modeling. At Reindeer Island, the TEM interpretation for 6 layers calls for 
the base of ice-bearing permafrost at a depth of 311 m which is in good agreement
120
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with Osterkamp et al. (1985). This fortuitous result comes from the tighter control 
possible with the DIL information shown in Chapter 3.
In concluding this section, some general remarks should be made concerning 
the models derived. Figure 4.11, which summarizes the results of some previous 
studies and the results presented here, clearly shows there is a large disagreement 
between the 3 and 6 layer results for the depth to the base of permafrost with each 
other and with the depths as inferred by Osterkamp et al. (1985) from the well 
logs of the widely separated drill holes. From the standpoint of the thermal regime 
(Osterkamp, personal communications), neither the shallow depths given by the 
3 layer models nor the slowly decreasing deep permafrost base predicted by the 6 
layer models appear realistic. On the other hand, the base estimated by Osterkamp 
et al. (1985) is founded upon three widely separated drill holes, one of which (Gull 
Island) is not on the line of the present study.
The results of the 3 and 6 layer modeling are clearly unsatisfactory in their 
agreement with the base o f ice-bearing permafrost. From modeling, it is apparent 
that the major response o f the TEM system will be to the first conductive layer 
beneath an ice-bearing layer. Since the 3 layer models cannot take into account a 
more complicated layering, the data are best matched with a relatively thin ice- 
bearing layer over a conductive basement. In contrast, the 6 layer models take 
into account a more complicated layering but suffer from a greater possibility for 
nonuniqueness. Both the 3 and 6 layer models suffer from a lack of control infor­
mation that would allow limiting the possible range o f resistivities and thicknesses 
to more realistic (but unknown) values. It is clear that the Reindeer Island 6 layer 
inverse model gives a reasonable estimate of the permafrost base. However, the 
disagreement between the 3 and 6 layer models and the extrapolated Osterkamp 
et al. (1985) base of permafrost, suggests that the TEM method (as in the EM-37
121
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circa 1984) lacks the capability of detecting the base of subsea permafrost beyond 
3 km offshore although it appears very useful for detecting the table of ice-bearing 
subsea permafrost and perhaps detecting trends in permafrost thickness.
4.5 SUMMARY
Transient electromagnetic soundings were taken along a line from the North 
Prudhoe Bay State (NPBS) No. 1 well through Reindeer Island in the Beaufort 
Sea during Spring, 1984. The primary goal of these soundings was to assess the use 
of the TEM method to delineate the depth to, and the thickness of, the ice-bearing 
subsea permafrost layer based on computer inverse modeling.
Offshore, there were about 1.5 to 2 m of sea ice over shallow (<  7m) sea water 
underlain by saline sediments. A thawed layer of sediments near the seabed is 
underlain by ice-bearing permafrost.
A subsea permafrost profile along the line, showing the depths to, and thick­
nesses of ice-bearing permafrost was inferred from the interpretations. The 3 layer 
model results show that the thawed sediments increase in thickness offshore to a 
maximum of about 118 m at 7 kilometers offshore. They also predict that the 
ice-bearing permafrost thickness increases slightly from 560 m onshore to 583 m 
at 3 kilometers offshore, rapidly decreases to 100 m at 7 kilometers offshore and 
slowly decreases to 59 m at 14 kilometers offshore. The 6 layer model predicts that 
the base of ice-bearing permafrost is 527 m deep at 5 km offshore, 517 m deep at 
11 km, and 445 m deep at 14 km. From this model, the depth to the base of the 
thawed layer has a maximum value of about 132 m at 9 km and a value of 131 m 
at 7 km in contrast to the 118 m depth obtained in the 3 layer model.
122
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The depths to the base of the ice-bearing permafrost obtained by both the 3 
and 6 layer models axe in disagreement with each other. Between the 5 km site 
and Reindeer Island, the 6 layer inverse modeling results predict larger depths to 
the base of ice-bearing permafrost than expected while the 3 layer inverse modeling 
results predict depths that are too shallow. The 6 layer modeling suffers from 
noise in the later time gates and nonuniqueness in the solution space while the 3 
layers models are dominated by the response from the first conductive layer beneath 
the first ice-bearing layer. In its present state of development (EM-37), the TEM 
method does not appear capable of resolving the base of a multi-layered sequence 
of ice-bearing subsea permafrost.
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CHAPTER 5. TEM SIGN REVERSALS AND INDUCED  
POLARIZATION
5.1 INTRODUCTION
The purpose of this chapter is to present transient electromagnetic (TEM) 
central induction data for the vertical magnetic field which display two sign changes 
and to show that induced polarization is a plausible mechanism to produce such 
data. The data were taken in northern Alaska in a locality of known gas hydrate 
deposits near N.W. Eileen State #1  well. Induced polarization (IP) effects were 
modeled by allowing the conductivity of the earth to be complex using the Cole- 
Cole model. Section 5.2 discusses the data taken at the site. Section 5.3 discusses 
the theory of the Cole-Cole model and its selection to simulate IP effects. Section 
5.4 gives the modeling results and discusses the correction for ramp time turnoff 
using the deconvolution-convolution process.
5.2 EXPERIMENTAL DATA
Transient soundings taken in August 1983 with a Geonics EM-37 instrument 
were repeated with a second EM-37 in May 1984 at a site in the Kuparuk Oil Field 
on the North Slope of Alaska. Each of the soundings was taken in the central 
induction mode (receiver in the center of the transmitter loop) for the vertical 
magnetic field using a square transmitter loop, 400 meters on a side. For both 
sets of soundings, the receiver loop had an effective area of 100 square meters
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with a preamplifier gain of 52.1. The contribution from the gain of the receiver 
was removed from each data set and all data sets taken on a sounding date were 
averaged to produce the data plotted on Figure 5.1. The raw data are given under 
NWEI1 and NWEI2 in Appendix C.
For the 1983 measurements, the current in the transmitter was 20 amperes 
and had a ramp turnoff time (TO ) of 320 microseconds, whereas for the 1984 
measurements the current was 22 amperes with a TO  of 760 microseconds. The 
longer TO  of the 1984 sounding results in the last gate being partly in the turn on 
cycle of the next current pulse, thus producing the larger signal for this gate. Also 
shown in Figure 5.1 are the data from another site, near Galbraith Lake in northern 
Alaska, using the same transmitter and receiver configuration parameters with 20 
amperes of current and a TO  of 315 microseconds; these data are the more typical 
time signature for TEM soundings which show no sign changes and are included 
for comparison. In Figure 5.1 the noise level is approximately 1.0 microvolt at late 
times computed from the information in McNeil (1980). For each sounding, several 
sets of data were taken at different settings of gain, polarity, and stacking; every 
set of data displayed two sign changes.
5.3 THEORY
Direct current (DC) induced polarization (IP) is a well known geophysical 
prospecting method as outlined in Telford et al. (1976) and Wait (1982). The 
basic concept is that charge displacement takes place inside a medium due to an 
external field. Some original work on on this subject was done by Debye .(1929). 
In this theory, the microscopic properties of simple polar molecules are used to
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Figure 5.1 TEM data for the NW Eileen site taken at two different years 
and the data for Galbraith Lake (see Section A.4), a more typical sounding 
which displays no sign changes.
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describe the macroscopic observations of dispersion. Dispersion simply means that 
an electromagnetic wave does not interact with the media in the same way for all 
frequencies. Some frequencies will have greater attenuation than other frequencies; 
in other words, the properties of the media are frequency dependent.
The observation of dispersion in the laboratory led Debye and other researchers 
to explanations based on the theoretical properties of the media. A common thread 
in these works is the assumption that the polar molecule will tend to oscillate with 
some resonant frequency w0- Upon the assumption of a single resonant frequency, 
the polarization vector P  becomes complex and so also must the dielectric per­
mittivity as discussed in Debye (1929), Jackson (1975), Stratton (1941), and Bom 
and Wolf (1975). In the model developed by Debye, as related in the classic work 
Polar Molecules, published in 1929, the complex and real parts of the dielectric 
permittivity may be graphed as a semi-circle (the model is now referred to as the 
Debye model and the permittivity graphs as Debye diagrams; see Hill et al., 1969 
for more details on Debye diagrams). Later work based on this idea have given 
rise to more elaborate and complicated descriptions of the physical nature of the 
real media given in terms of either or both a complex dielectric permittivity and a 
complex conductivity. These complications have been somewhat reduced by Wait
(1982) who defines complex resistivity in terms of a simple resistivity and simple 
conductivity. Wait’s statement that “It seems redundant and undesirable to allow 
a and e to be complex, as one finds in recent writings,” demonstrates a frustration 
with the lack of commonality between the various descriptions used for dispersion.
In contrast, the conductivity and the permittivity may both be complex as 
stated in Keller and Frischnecht (1966). Keller and Frischnecht support their state­
ment on physical arguments, that polarizability is due to: 1) the displacement of 
the electron cloud (which occurs in about 10~9 seconds), 2) reorientation of polar
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molecules, 3) ionic bond displacement, and 4) mobile charges collected at bound­
aries (as in mineral polarization). Each contribution occurs at a different character­
istic relaxation time and therefore produces dispersions at different characteristic 
frequencies. Keller and Frischknecht also state that hydrocarbons exhibit molecular 
polarization. The approach calling for a complex conductivity and a complex di­
electric permittivity is followed by Olhoeft (1975) in his formulation for permafrost 
electrical properties. Recalling the expression for the complex wave number k as 
defined by Equation 2.16, and allowing the conductivity and the dielectric permit­
tivity to be complex via:
<t =  <j ' +  za", e =  e' — ze", (5-1)
where the single prime is the real part and the double prime is the imaginary part
for each complex quantity, leads to:
k2 =  n w (uee — ^^ re), (5.2)
where ee =  e' +  cr"/ui and <re =  a’ -hue" are the effective dielectric permittivity and
effective conductivity, respectively.
The Debye formula, based on a theoretical analysis of a polar molecule with 
a single relaxation time and nonzero DC conductivity, gives the complex dielectric 
permittivity as:
e(u,) =  e' -  ?e"  =  n2 +  (5.3)i -+- IU )T
where n is the index of refraction and es is the static dielectric permittivity.
A number of researchers, in their endeavor to find a model which describes the 
observed dispersive properties of real materials more adequately have felt compelled
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to use more complicated forms than the Debye formula. In these more complicated 
forms the relationship between the real and imaginary parts of the permittivity have 
been altered such that the Debye diagram is no longer a semi-circle centered on the 
real axis. However, the reformulations do match the data for natural materials 
much better. For example, the data displayed by Olhoeft (1975) on the electrical 
properties of permafrost were modeled with a Cole-Cole model (see Cole and Cole, 
1941):
i(“ ) = <5'4>
which reduces to the Debye model for a =  0.
It is beyond the scope of this thesis to deal with all dispersion models. It is of 
note, however, that the Cole-Cole model used in the present study is not directly 
related to the theoretical model of Debye. Rather, it is derived in a different 
manner using a simplified electrical network model (see Pelton et al., 1978) to 
represent mineralized rock. Figure 5.2 displays the mineralized rock model with a 
metallic grain partially blocking an ionic conduction path within the pores. Also 
shown is the extremely simple equivalent circuit for the mineralized rock where 
R0 is the unblocked conduction path resistance and Ri represents the partially 
blocked conduction path resistance. The metallic-ionic interface is simulated by 
the term in the figure. This oversimplified model displays a “Cole-Cole”
relaxation. The Cole-Cole frequency parameter c is related to the distribution of 
relaxation times with c =  1 corresponding to single relaxation time. The parameter 
X represents a capacitance when c =  1, and u> is the angular frequency.
These quantities can be related to the chargeability m and time constant r by 
m =  1/(1 -h-Rx/Ro) and r =  x(Ro/m) 1^ c.
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MINERALIZED ROCK EQUIVALENT CIRCUIT
Figure 5.2 A mineralized rock with ionic conduction taking place in the pore 
spaces is shown in a) with a metallic grain partially blocking the conduction 
path in one conduction path. In b) is shown the simplified circuit used to 
simulate the rock, (after Pelton et al., 1978)
Lee (1981) gives a form of this model adapted to conductivity which is given 
here as Equation 5.5.
1 +  (tu>r)c
— ° [ 1 + ( i - m)(W J- (5-5)
In Equation 5.5, t is y/— 1, ui is angular frequency in radians per second, r  is 
the model time constant in seconds, c is the Cole-Cole frequency constant, a is 
conductivity in siemens per meter, <7o is the DC or zero frequency conductivity, 
and m is the model chargeability.
The so-called Cole-Cole model used in this work (Equation 5.5) is quite differ­
ent from the complex dependence called for in the Cole-Cole model for permittivity 
(Equation 5.4). The dissimilarity between the formulations is understandable, be­
cause the model described by Equation 5.5 (Section 5.4) is an electrical analog 
for mineralized grains which block a conductive pore space in a host rock, that is 
somewhat oversimplified. This model does not reduce to the Debye model (based 
on dielectric dispersion) upon assumption of c =  1 regardless of the choice of m. 
The time constants and chargeabilities in the two models cannot be simply related
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as the descriptions axe for two different fundamental properties of matter (e.g. di­
electric permittivity and conductivity). One way to compare the two descriptions 
is through the complex wave number as in Equation 5.2. When the descriptions 
axe compared in this way, the complex wave number does not have the same form 
in the two descriptions.
The use of this model here is justified on the grounds that other researchers, for 
example, Raiche (1983) and Lee (1981), have used this model in their discussions 
of the sign changes in TEM soundings and thus this formulation is provided a 
direct comparison to check the program operation with previous work. Additional 
support for the use of an IP effect modeled with complex conductivity is given 
in a recent paper of Smith and West (1988) which argues against instrumental 
effects, 2 or 3-dimensional resistivity geometries, complex magnetic permeability, 
and displacement currents as possible sources of sign changes in TEM so u n d in g s. 
Smith and West (1988) claim that the earth must be polarizable to produce sign 
changes in TEM soundings and use the Cole-Cole form to model the dispersive 
nature o f the medium. Futhermore, the modeling of Smith and West (1988) show 
that TEM sign changes are possible with a single relaxation frequency.
The observation that Olhoeft (1975) makes, namely that the frequency param­
eter (1 — a) of permafrost is near 1, is very different to the findings of others on 
mineralized rock where the frequency parameter is between 0.1 and 0.6. It is diffi­
cult to compare the types of modeling with different forms of the iu r  dependence. 
The point is that both theory and empirical fits to the data require some form 
of an luiT dependence to simulate the dispersive nature of all real materials. In 
this thesis, a relatively simple electrical network is used to model electromagnetic 
dispersion.
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Alterations were made in the NLSTCI program from Anderson (1982) to al­
low for a complex conductivity in each layer for a one-dimensional layered earth. 
The complex conductivity is that of the Cole-Cole model used by other researchers, 
namely, Pelton et al. (1978), Lee (1981), and Raiche (1983) and is shown in Equa­
tion 5.5. Sign reversals cannot occur in a layered earth of simple resistivity with 
TEM central induction soundings for the vertical magnetic field as shown by the 
definitive work of Gubatyenko and Tikshayev (1979). Lee (1981) and Raiche (1983) 
show that single sign reversals first reported in the literature by Spies (1980) may 
be produced with an IP effect and their work was used as a qualitative check for 
this work.
Figure 5.3 displays the response from a half space with complex conductivity. 
The two sign changes are prominent and the expected field strength is well above 
the noise level.
In addition to predicting the IP effects, a program called RESPONS.VAX 
(see Appendix B for a listing) has been developed here to predict the effects of 
a ramp turnoff time (TO) by a deconvolution-convolution process (McGillem and 
Cooper, 1974). The program begins by calculating the step response for a given 
model using the FWDTCIP.VAX program with four times the number of calculated 
points as the TEM Geonics EM-37 would produce in data. Since the calculated 
points are evenly spaced in logarithmic time and equal time divisions are required 
for a straight forward convolution process, the step response is fit with a cubic 
spline and resampled for evenly spaced divisions in time. Now the step response
5.4 MODELING
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Figure 5.3 Predicted TEM response due to the induced polarization effect 
of a Cole-Cole complex conductivity. The model parameters are c =  1, r =  
6.9 x 10-4 seconds, p =  1000 ff-m and m =  0.5.
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is deconvolved using algebraic division to obtain the impulse response. The ramp 
response is obtained by convolving the ramp drive with the impulse response.
It is possible to demonstrate the occurrence of two sign changes and the effect 
of a non-zero TO as shown in Figure 5.3. Clearly, an increase in turnoff time 
causes an apparent shift in the TEM curve with sign changes occurring earlier in 
time. The change in TEM decay curves due to the longer turnoff time qualitatively 
explains the difference between the two sets of observed data at the Kuparuk site. 
As has been mentioned in Section 5.2, the instrument used in the 1984 sounding 
had a turnoff time of 760 microseconds, whereas the instrument used in 1983 had 
a turnoff time o f 320 microseconds.
It is desirable to obtain a reasonable fit to the observed data by changing the 
parameters of the TEM IP mechanism. However, this problem is very difi'cult 
since so many parameters are required to characterize a single layer in the model. 
Resistivity and thickness axe two parameters that are still required to characterize a 
layer, but when IP effects are considered, the Cole-Cole parameters of time constant 
(r), chargeability (m), and frequency parameter (c) must also be specified....for each 
layer. Nonetheless, a parameter variation was conducted using the model given in 
Equation 5.5 with the TEM IP response of Figure 5.3 as a base for each parameter 
investigation. The model chosen for investigation consisted of two layers simplified 
by a ssu m in g  the IP effect arises from the upper layer only (the lower layer has 
simple resistivity only).
Figure 5.4 displays a series o f TEM IP decay curves presented as a three­
dimensional figure. The display shows the log of the predicted field strength, in 
units o f volts per ampere square meter, plotted as a function of log time. The first 
slice is the response for a layer 1000 meters thick of 1000 fl-m material over 50 fl-m 
material. Subsequent slices are for decreasing thickness of the first layer until the
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last slice which is the decay for a homogeneous half-space of 50 ft-m. This figure 
shows the normal response for materials having no IP effects for a transmitter loop 
of 400 meters radius. Subsequent Figures (5.5, 5.6, 5.7, and 5.8) display the figures 
for parameter changes for: first layer thickness, time constant r, chargeability m, 
and frequency parameter c, respectively.
Figure 5.5 displays the three dimensional figure which shows the variation of 
the TEM IP response when the first layer thickness is varied. The model used is for 
a 2 layer system with the same resistivities used in Figure 5.4 but, now the first layer 
produces an IP effect while the basement layer retains simple resistivity. The first 
layer has Cole-Cole parameters of po(= 1 /cro) =  lOOOft-m, c =  1.0, r  =  6.9 x 10-4 
seconds, and m =  0.5 As the thickness of the IP producing layer approaches zero, 
the sign reversal region (appears as a bump) disappears.
Figure 5.6 displays the three-dimensional figure which shows the variation in 
the TEM IP response when the time constant t  is varied from 1.0xlO-5 to 1.0x 10-1 
seconds. Resistivities remain 1000 over 50 ft-m and the other Cole-Cole parameters 
are c =  1.0 and m =  0.5. The sign reversal region appears as a bump near the 
center o f the figure. This display shows that for the particular choice of parameters, 
there is a limited range in time constant which will produce an IP response. For 
this figure and the subsequent figures, the curve drawn on the extreme right (in this 
figure, log r  =  — 1) corresponds to the homogeneous half-space of simple resistivity 
50 ft-m resistivity as was the case for the Figures 5.4 and 5.5. This curve is used 
as a reference curve.
Figure 5.7 displays the three-dimensional figure of the family of TEM IP curves 
resulting from varying the chargeability m from 0 to 0.96. The resistivities remain 
the same as previous figures while the other Cole-Cole parameters are c =  1.0 and 
r =  6.9 x 10-4  seconds.
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Figure 5.5 Family of predicted TEM IP responses showing the variation 
as the first layer (layer with IP effects) thickness is varied. The region with a 
pronounced bump near the center of the figure is the region of the sign change.
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Figure 5.8 displays the three-dimensional figure of the family of TEM IP curves 
resulting from varying the Cole-Cole frequency parameter c from 0.0 to 0.96. The 
sign reversal is more pronounced as c approaches 1.0.
The three-dimensional figures shown here have been developed specifically in 
an attempt to model double sign changes. In a very similar way, single sign change 
figures may be developed with appropriate selections of the Cole-Cole model pa­
rameters, resistivities, and thickness.
5.5 SUMMARY AND DISCUSSION
The data of Figure 5.1 and the modeling of Figure 5.3 display very similar 
characteristics and demonstrates the potential viability of the IP model to produce 
anomalous TEM signatures. It is not, however, intended to claim that only IP 
effects may be responsible for such anomalous signatures. It may be possible that 
two or three-dimensional resistivity structures give rise to sign changes. There 
has been considerable effort expended to date by other researchers: Anderson and 
Newman (1985) and Newman et al. (1986) on the effects of three-dimensional 
resistivity structures. While this modeling is still being developed, Gerald W. 
Hohmann (private communications, 1986) reports that sign changes “normally do 
not occur with three-dimensional modeling” in the TEM method used to obtain 
data for this thesis. The curves published by Anderson and Newman (1985) are for 
three-dimensional structures with large conductivity contrasts; none of these curves 
display sign changes. In addition, the study of lithology by Collett (1983) and the 
studies by Daniels et al. (1976) and Osterkamp et al. (1985) on permafrost thickness 
support a layered earth scenario, at least on the scale of one or two kilometers, in
140
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Figure 5.8 Family of predicted TEM IP responses showing the effect of 
varying the first layer Cole frequency parameter c from 0.0 to 0.96.
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this axea of North Slope. Smith and West (1988) argue that a medium must be 
polarizable for the TEM signature to change sign.
While other researchers have reported the occurrence of single sign reversals 
in TEM data (Spies, 1980), no previous reports of the double sign reversals shown 
by the data have occurred in the literature. Modeling, using a Cole-Cole model 
of complex conductivity with c =  1, r  =  6.9 x 10-4  seconds, p =  1000 ft-m and 
m =  0.5, has shown that the IP effect can produce double sign reversals. Some 
comments should be directed towards this choice of parameter values. The origin 
of the anomalous signal in Figure 5.1 is unknown, but because it has been modelled 
with an IP effect and the earth is taken to be strictly layered, all the electrical 
properties of the materials that are known to exist at permafrost depths beneath 
the Kuparuk site must be considered. As mentioned previously, the permafrost 
extends to a depth of about 500 meters (Osterkamp et al., 1985) in the immediate 
area and it is thought that no more than 10 or 20 meters could be unfrozen (and 
probably much less) near the surface in the presence of shallow, mature thaw lakes. 
In addition, the first 150 meters consists of sands and gravels. There are finer 
grained soils (perhaps clays) below the sands and gravels to the base of permafrost 
and beyond. Near the base of permafrost, layers of gas hydrates have been identified 
by Collett (1983). -
Some of the electrical properties of ice or ice-rich sands and gravels, frozen 
clays and methane hydrates are similar. Ice cores from permafrost and natural 
clay samples have been investigated by Olhoeft (1975) who finds the samples have 
similar resistivities and dielectric constants as a function of frequency. Lawson et 
al. (1984) have investigated a natural methane hydrate and obtained a resistivity 
versus frequency curve which only differs slightly from that of clay or ice. The shape 
of the dispersion curve of the dielectric constant with frequency is also very much
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alike for the materials, although the methane hydrate shows a significant difference 
in magnitude. The resistivity versus frequency curve shows a decrease of not more 
than a factor of 2 from essentially DC to about 10 Hz, then a further decrease 
of about one order of magnitude to 104 Hz and then a steep linear variation on a 
log-log plot. These results suggest the real resistivity versus frequency curve follows 
a Debye-type relaxation for natural ice, clay, and methane hydrate. The real part 
of the complex resistivity is
( 5 ' 6 )
where subscript r stands for the real part and i stands for the imaginary part. 
From Olhoeft (1975) ar =  <tq +ui€i and a{ =  uier. With the complex permittivity e 
expressed in terms of a single Debye relaxation, one finds that as u  —»• 0, pr —► po 
where po =  l/cr0 the zero frequency or DC resistivity. As a; —► oo, pr —* 0.
On the other hand, with the conductivity expressed as in Equation 5.6, one 
finds that as u  —> 0, pr —i► po and that asw -+ oo, then pr —» (1 — m)po. Thus, 
unless m is nearly equal to one, the Pelton expression (Equation 5.5) can only 
be made to fit the observed resistivity versus frequency curve over a very limited 
region, while the real resistivity with a Debye dispersion in the permittivity can be 
better fitted to the observed dispersion in the resistivity of ice, clay, and perhaps 
gas hydrates. Also, smaller values of c, the frequency parameter, would tend to 
make pr slowly fall with frequency while a longer time constant, r , would shift the 
b eg in n in g  of the region of appreciable fall off to earlier times. Thus the opposite 
extreme in the modelling was chosen, that is, c =  1 and a relatively short time 
constant r  =  6.9 x 10-4 s.
Thus, larger m and c values and shorter relaxation times r  are more appro­
priate in modelling the observed signal at the Kuparuk site when using the Pelton
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expression, than those normally obtained in standard IP surveys for minerals (e.g. 
Lee, 1981; Raiche, 1983). In Figure 5.3, m=0.5, c= l, and r  =  6.9 x 10-4 s and stud­
ies of the parameters such as that of Figure 5.8 suggest that the modelling could 
be “fine-timed” further with a longer r, larger m, and slightly decreased resistivity. 
However, the resulting model will not differ qualitatively from that of Figure 5.3.
In conclusion, it is inferred from the modelling that a possible source of the 
anomalous TEM signal is an IP mechanism associated with ice, clay, and/or gas 
hydrates. However, massive ground ice and ice-rich soils occur at many other TEM 
sites on the North Slope region, where the TEM signal could be modelled with 
simple resistivity (see Appendix A), suggesting that it is not merely the presence of 
near-surface ice that causes the anomalous signal. In fact, the only known unusual 
aspect of the earth at the site with double sign reversals in the data is the occurrence 
of gas hydrates. As an example, the lithology at the Deadhorse site is similar to 
that o f the Kuparuk site but the TEM data taken at Deadhorse does not change 
sign.
It is interesting to speculate that the anomalous TEM signature presented here 
may be related to the presence of gas hydrates; however, much additional work must 
be done to discover the true cause of the anomaly. These data will be discussed 
further in the last chapter. -
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CHAPTER 6. SUMMARY, CONCLUSIONS AND  
RECOMMENDATIONS
6.1 SUMMARY AND CONCLUSIONS
TEM soundings were made at more than 40 sites in Alaska to investigate the 
application o f this method to the study of permafrost in a variety of terrains. In­
formation from drilling, well logs, and seismic studies was used in the development 
of layered earth models to simulate the TEM sounding data. Layered earth model 
interpretations that best fit the data were obtained for these sites using a combi­
nation of computerized forward and inverse modeling. The theory of the method 
and the resolution of best fit models were also discussed. This thesis emphasized 
the interpretations for sites of particular scientific and geotechnical interest. The 
maximum error in the apparent resistivities due to possible systematic and random 
errors in the values of the measured transmitter current or turnoff time was esti­
mated to be ±7% . The turnoff time error is not to be confused with the ramp time 
effect, which can be corrected for.
The major conclusions of this thesis are:
(1) Anomalous TEM Data — Transient electromagnetic data exhibiting anoma­
lous double sign reversals can be modeled as induced polarization effects indi­
cating that they arise from an electrical relaxation phenomenon. The lithology 
at the Kuparuk site with TEM double sign reversals is similar to many other 
sites on the Alaskan North Slope which do not give sign changes; the difference 
between the Kuparuk site and other sites is the occurrence of large amounts of 
gas hydrates at the Kuparuk site.
(2) Ramp Turnoff Corrections —  The most precise interpretation of TEM data 
requires that the data be corrected for the effects of a finite ramp turnoff time 
of the transmitter current.
(3) Resolution Estimates —  For a given model, the resolution of the ice-bearing 
permafrost thickness with the TEM method is estimated to be within ±10% of 
the actual thickness providing sufficient lithologic control exists nearby.
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(4) Subsea Permafrost — The TEM measurements seem to show that permafrost 
neax Prudhoe Bay thins with increasing distance offshore, and the TEM and 
other data suggest the subsea permafrost is multilayered beyond approximately 
5 km offshore. The TEM method does not appear capable of resolving the depth 
to the base of a multilayered ice-bearing region without a reasonably good input 
model based on well-logs. The TEM method does appear to resolve the depth 
to the ice-bearing permafrost table.
(5) Operational Details —  Experience gained in the course of this research shows 
that the TEM method is most suited for permafrost investigations when litho­
logic controls from nearby wells which penetrate the base of permafrost are 
available. Also the present work shows that the resolution of a deep and more 
resistive layer in a generally conductive environment will require improvements 
in equipment and signal processing over the EM-37 used for this research.
(1) Anomalous TEM Data
Any set of TEM data which displays sign changes with signal strengths well 
above the noise level can be considered anomalous in the sense that this behavior 
cannot be explained in terms of a purely-resistive layered-eaxth model. Three TEM 
sounding sites exhibited sign reversals. The Kuparuk site was of particular interest 
because a double sign reversal was obtained there. This is the first reported field 
observation of such a TEM signal, although others have reported the occurrence of 
single sign reversals in TEM data (e.g. Spies, 1980).
From a modeling study using complex conductivity, it is concluded that the 
anomalous double sign reversal may arise from an IP effect (electrical relaxation 
phenomenon). The modeling also shows that sign changes may be produced in 
the TEM soundings over a range of model parameters. Specifically, the IP effect, 
modeled with a Cole-Cole conductivity (Lee, 1981), can produce the double sign 
reversals. The choice of parameter values, namely c =  1 and r  =  6.9 x 10-4 s are 
not characteristic of mineral deposits such as sulfides. According to Pelton et al. 
(1978) and Lee (1981), mineral deposits tend to have smaller values for c and longer 
r. The choice of c =  1 is also supported by the recent modeling of Smith and West 
(1988).
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The anomalous TEM signature may be related to deposits of methane and 
other gas hydrates known to exist in the vicinity of the Kuparuk sounding. On the 
other hand, the electrical characteristics of some frozen clays and ice as a function 
of frequency axe similar to those of methane hydrates. Olhoeft (1975) shows that 
the high frequency portion of the frequency versus resistivity curves for ice and 
frozen clay are well modeled with short relaxation time constants (r ) and higher 
values for c, while Lawson et al. (1984) show that the frequency dispersion of a 
methane hydrate is similar to that of ice. Ground ice and ice-rich soils can probably 
be rejected as the source of the signal since these are common at other sites on the 
North Slope where the anomaly was not observed. Frozen clays also exist at other 
so u n d in g  sites where sign reversals were not observed and therefore it is unlikely 
that they are the source of the anomalous TEM signal.
Other possible sources of the anomalous signal include mineralization and 
three-dimensional resistivity inhomogeneities. These appear less plausible because 
investigation of well logs from the area show the subsurface materials can be taken 
to be reasonably well-layered to the depth sounded. Also, Smith and West (1988) 
argue that the earth must be polarizable for sign changes to occur. It may be 
possible to lend support to or eliminate the IP effect as the source mechanism by 
taking a number of additional soundings in the area, using different transmitter 
loop sizes, and also measuring the other components of the magnetic field.
At the time of this writing, there is a lack of equipment and sufficient funds to 
undertake the field research that would be required to fully investigate this problem. 
However, it is clear that additional work should be done to determine whether 
or not the hypothesis that IP effects are the cause of the anomalous double sign 
reversal observed at the Kuparuk site is true and whether these can be related to 
the presence of gas hydrates.
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(2) Ramp Turnoff Corrections
A ramp turnoff time correction for raw TEM data is necessary for inverse mod­
eling results to produce the greatest accuracy. The ramp time correction is more 
important in the initial time gates and is more important when the TEM sounding 
is taken over higher resistivity ground. The ramp correction procedures developed 
for this thesis represent early attempts to solve this problem by directly correcting 
the data for the ramp turnoff time. Three separate procedures were used for ramp 
turnoff time effects. In relatively resistive ground as on land sites, the data were 
corrected using the same ratios at each time gate as obtained with the calculation of 
a late-time homogenous half-space reponse with and without ramp times. In more 
conductive environments such as the offshore sites, a more complicated expression 
was used to predict the correction factors. Finally, in modeling the anomalous data 
which displayed time reversals, a convolution routine was used to predict the ef­
fects of a ramp turnoff time on TEM responses to a layered earth having complex 
resistivity.
However, a more .accurate procedure should incorporate the ramp correction 
into the inverse modeling program so that uncorrected TEM data could be used 
in inverse modeling. A newer version of the forward modeling program TCILOOP 
(Anderson, 1981) called FWDTCI which incorporates the ramp correction via direct 
integration of Equation 2.39 has been recently released (Fitterman and Anderson, 
1987). The ramp correction has not yet been installed in a newer version of program 
NLSTCI (Anderson, 1982).
(3) Resolution Estimates
As suggested by previous studies (Sinha and Stephens, 1983; Ehrenbard et al., 
1983), vertical sounding using the TEM method can be productive in discerning 
the occurrence and depth of permafrost. In particular, the parameter study in
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this thesis suggests that under favorable circumstances the thickness of ice-bearing 
permafrost may be resolved to within 10% of the actual thickness. This estimate 
is compared to the 5% reported by Sinha and Stephens (1983) who used a curve 
matching procedure for interpreting TEM data. It is possible, however, that if 
the inverse modeling procedure had been used by them a localized solution with a 
better fit could have been obtained.
On the other hand, it is also possible that an inverse model may not correlate 
well with a thermal log due to nonuniqueness or other problems. In this case, 
the inverse model may fit the data better than the curve matching model and yet 
have a thickness which differs more from the thermal log thickness than the curve 
matching result. Although the nonuniqueness problem has been briefly discussed in 
this thesis, its effect on the resolution of layer thicknesses by the TEM method has 
not been determined. The validity of the above conclusion concerning the resolution 
of permafrost thicknesses is based on having some foreknowledge of the lithology 
in order to set realistic bounds on the inverse modeling parameters.
(4) Subsea Permafrost
Subsea permafrost farther offshore from the Prudhoe Bay region tends to be 
warm and is multilayered according to well logs from small offshore islands and 
other more shallow drill data. These are not the most favorable circumstances for 
predicting the base of permafrost using an electromagnetic method but nevertheless 
attempts were made to model the data obtained offshore with 3 to 6 layers. It was 
thought that there was sufficient background information from well logs and other 
data to provide good input models for the inverse process. However, the resulting 3 
and 6 layer inverse models which disagreed considerably from each other from 7-11 
km offshore clearly demonstrated this was not the case. Reindeer Island, for which
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there was DIL information on the layering, resulted in a depth to the base of ice- 
bearing permafrost in good agreement with Osterkamp et al. (1985). Despite the 
disagreement between the 3 and 6 layer models, some general trends are present in 
the inverse models and agree in this sense with the more directly known conditions 
discussed below.
The 3 layer subsea permafrost profile from this study shows that the ice-bearing 
permafrost tends to decrease in thickness with distance offshore. In addition, the 
unfrozen layer beneath the seabed tends to be thicker where the water depth is 
greater. Both these observations from the inverse models support the hypothesis 
that seawater has inundated the Prudhoe Bay area in recent geological time. Since 
the mean annual temperature of the sea is greater than the mean annual surface air 
temperature, the subsea permafrost tends to degrade both from its top and bottom 
after the land surface has been inundated by the sea.
The models presented in Chapter 4 agree grossly with the available seismic 
and borehole data on the variation and thickness of the thawed layer above the 
ice-bearing subsea permafrost. However, it must be borne in mind that the TEM 
system energizes a volume of earth whereas boreholes sample the materials below 
a single point on the surface. If there are many layers or isolated plates of ice- 
bearing material within the conductive, generally unfrozen subsea materials, there 
will be differences in the interpreted thickness of the unfrozen materials between the 
TEM technique and the other geophysical methods. No further conclusions can be 
drawn about the accuracy of the layered models for deeper materials until further 
exploration provides more direct information on the lithology of the ice-bearing 
permafrost between 7 and 11 km offshore.
From about 7 to 11 km offshore, the TEM 3 and 6 layer interpretations are 
divergent. There is already sufficient evidence (DIL records from Reindeer Island
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shown in Figure 3.13 and Gull Island (not presented in this thesis but presented in 
Osterkamp and Payne, 1981) in Prudhoe Bay) to show that the three layer model 
will be too simplistic for all but the sites very near land. In addition, since the TEM 
subsea permafrost data are better fit with 6 layers than with the 3 layer models 
beyond about 5 km, the results support the existence of a fairly complex subsea 
permafrost structure further offshore, a conclusion which is also supported by the 
Reindeer Island and Gull Island DIL records.
The predicted bases of subsea permafrost from the 6 layer models at the 5, 7, 
9 and 11 km sites appear to be too deep relative to what is known from the well 
logs taken from Reindeer Island at 13 kilometers. Note, however that the tighter 
controls on the input model for Reindeer Island led to an inverse model which agreed 
fairly well with the well logs at that site. The source of the discrepancy is unknown 
but may be due to the relatively high conductivity of the seawater/saline seabed 
sediments and the fairly loose bounds for thickness and resistivity parameters used 
in the modeling. The existence of alternating higher and lower conductivity layers 
apparently caused the 3 layer model to converge to a solution predicting a shallow 
permafrost base. Additional in situ data should provide better control of the initial 
model and hence smaller parameter bounds in the 6 layer inverse modeling process.
Both the 3 layer and 6 layer model results predict a very different profile from 
that presented in the work of Ehrenbard et al. (1983) for offshore sites. The 
differences between the depth profile for the subsea permafrost table of Ehrenbard 
et al. (1983) and the present investigation suggest that their results were from an 
area with a very different history of inundation. However, some differences may be 
the result of the exclusive use of 3 layer models in the analysis of Ehrenbard et al.
(1983) even in areas farther offshore where the subsea permafrost is known to be
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more complex and the permafrost resistivities axe considerably lower than the 200 
ft—m values given by them.
(5) Operational Details
Experience with the TEM method has given the following insight into the 
operational details of the method. First, at sites where the near surface layers tend 
to be fairly conductive such as offshore at Prudhoe Bay, the determination of deep, 
relatively resistive structures with the TEM method requires much better signal to 
noise ratios in the later gates than were obtainable for this study. Better signal to 
noise ratios may be obtained using higher transmitter currents and better signal 
processing techniques such as intelligent stacking.
Second, the use of TEM soundings on a reasonably closely-spaced grid or along 
a line, as in the study of subsea permafrost, will be more productive than soundings 
from individual, widely separated sites as given in Appendix A. Soundings along 
the line should extend from sites where subsurface lithology is known to adjacent 
sites that lack ground truth. This provides a base for modeling purposes to infer 
changes in, say, the permafrost thickness at the adjacent sites. In light of the need 
for additional soundings at the Kuparuk site with double sign reversals, it would 
appear that, at every site, additional soundings should be taken. The additional 
soundings to the side of the central sounding would be useful to establish the 
existence of a reasonably layered earth and hence that, in fact, modeling in terms 
of horizontal layers is appropriate.
Third, the transmitter loop size should be chosen to have a side dimension 
comparable to the expected depth of the resistivity contrast of interest. For exam­
ple, a transmitter loop size of 100 m on a side should be used when investigating a
152
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
site where the expected permafrost base has a depth comparable to 100 m. How­
ever, if possible, other transmitter loop sizes should also be used to obtain a more 
complete suite of data.
Fourth, uncorrected resistivity profiles from the DIL were used to infer a first 
guess of the permafrost layering. This estimate is forward modeled for the TEM 
method and compared with the actual TEM data. There are established procedures 
for correcting the DIL resistivity, but the available correction curves are not ap­
plicable to the large diameter boreholes and associated thawed zones around holes 
in permafrost. The procedures are also inapplicable in cases where high resistivity 
is encountered. It was apparent that the TEM resistivity data and the inferred 
resistivity from the DIL did not agree closely, in many cases differing by a factor of 
ten or more; however, the DIL records were found to be of value in giving estimates 
of the depths of resistivity boundaries. This reduced the uncertainties in the choice 
of the thickness parameters.
Finally, the present study shows that the TEM method has certain limitations 
but may be used to good advantage in the exploratory studies of permafrost thick­
ness. This is because the thickness of permafrost and its resistivity can be grossly 
estimated from knowledge of the mean annual surface temperature, local aspect 
angle, vegetative cover, surface displays of material types, and winter snow cover. 
This information may allow one to make a reasonable first guess for the inverse 
modeling process.
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6.2 R E C O M M E N D A TIO N S
Recommendations for further study are:
(1). It is recommended that more extensive field work be performed with the TEM 
system at the Kuparuk site to determine whether the IP effect is the source of 
the anomalous TEM sounding there and also to determine whether the IP effect is 
associated with gas hydrate deposits.
(2). The apparent success of the IP effect to simulate the TEM data with sign 
reversals suggests that the data from other sites on the North Slope may contain 
other and possibly more subtle IP effects. These effects may alter the shape of 
the transient decay even though the data may not change sign. Future work is 
recommended at sites such as Deadhorse to eliminate or confirm this possibility.
(3). More information should be gathered at many of the land sites discussed in 
Appendix A in order to delineate the permafrost with greater confidence. Deeper 
boreholes extending through the permafrost layer would give more definitive esti­
mates of the base of permafrost and more information on material types. Additional 
TEM soundings should be taken near these sites to establish that a layered earth 
is a reasonable model. In general, the TEM method should only be used in those 
areas where ground truth is available, when accurate inverse models are required.
(4). Subsea permafrost should be investigated with TEM equipment having im­
proved signal to noise ratios in the later gates to resolve the thickness of a deep ice- 
bearing layer. For future subsea permafrost investigations, a new borehole should 
be drilled about 9 km offshore along the West Dock -  Reindeer Island line to re­
solve some of the remaining questions regarding the subsea permafrost layering. 
The thickness of the thawed layer could be better discerned, in general, using
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transmitter loops smaller than the 250 m used in this study. For example, a 50 
m transmitter loop for the 0.75 and 1 km sites and a 100 m loop for 7, 9 and 
11 km sites should provide data that will better resolve the depth to ice-bearing 
permafrost. The combined use of several smaller loop sizes, say 50, 100, and 150 m 
transmitter loops, should provide better resolution of the thawed layer.
(5). The problem of nonuniqueness in the geoelectric models for the TEM data must 
be investigated in greater detail. One approach to this would be to investigate the 
parameter solution space. A forward modeled set of data could be used as the data 
for which the various parameter investigations could be compared to provide the 
rms error. The nonuniqueness could then be graphically investigated by plotting the 
rms error on the vertical axis using two parameters as variables for the horizontal 
axes. This three-dimensional plot would produce a surface similar to the plots in 
Chapter 5. The model from which the data came would appear as a hole in the 
surface. Nonuniqueness is displayed whenever other holes appear or when a trough 
or a combination of holes and troughs appear in the graphical representation of the 
solution space.
While the TEM method, even in its present state of development, can be used 
to delineate permafrost in a variety of environments under favorable circumstances, 
it has certain limitations. The method cannot be used to resolve a large number 
of layers due to the nonuniqueness which arises from the large number of parame­
ters which can be varied. The method is limited in usefulness without lithological 
information (at least from a nearby site), and is limited by the system noise in the 
investigation of deeper structures. In addition, a thin (relative to the transmitter 
loop size) layer over a more conductive layer with a thickness comparable to the
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transmitter loop size will not be well resolved by the TEM system. Finally, be­
cause the TEM method is relatively new, software for inverting data, when 2 or 
3-dimensional structures are suspected, is not available.
The TEM system provides an efficient method of delineating permafrost when 
the limitations of the technique are not exceeded. It can be a very important tool 
to be used in concert with other information for the exploration of permafrost. 
The true utility of this technology is yet to be reached as more effective means of 
interpretation are only now being developed.
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APPENDIX A. A TEM SOUNDING TRANSECT OF ALASKA
A .l INTRODUCTION
The purpose of this appendix is to report the interpretations of transient elec­
tromagnetic (TEM) soundings at sites, along a north-south transect of Alaska, dis­
played as triangles in Figure 1.1. Most of the soundings reported in this appendix 
were taken during August and September of 1983. One site, the Kuparuk site la­
beled NWEILEEN in Figure 1.1, was sounded in 1983 and 1984 and is reported in 
Chapter 5 in the discussion of possible induced polarization effects.
The soundings were taken with coplanar coaxial transmitter and receiver coils 
to measure the vertical magnetic field. The coaxial loops consist of a large, square 
transmitter loop and a small radius, multi-turn receiver coil located at the center 
of the large loop. The EM-37 TEM system, made by Geonics Inc. of Canada, was 
used for all soundings.
Whenever possible, each site has been interpreted in terms of a one-dimensional 
model of resistivity varying in discrete, horizontal layers, each with uniform, simple 
resistivity and uniform thickness. Each site was chosen such that it was far from 
thermally-disturbing sources such as roads, rivers, recent bums, etc. and also 
was on fairly flat, uniformly-vegetated land with reasonably simple lithology as far 
as it could be ascertained from available geologic maps, aerial photography, and 
visual inspection. Conversely, the sites were chosen for good vehicular access to the 
sounding sites in order to sound as many sites as possible during a short equipment 
rental time period.
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The soundings were taken as an aid for the determination of the presence 
and thickness of ice-bearing permafrost at each site. Ground truth from wells or 
boreholes drilled nearby or from other sources of geological information was used 
in the interpretations whenever possible. Many o f the boreholes, however, were 
relatively shallow (<  100 m), so that the ground truth to more desireable depths is 
lacking or incomplete.
A.2 DATA SITE LOCATIONS
TEM soundings reported in this appendix were undertaken at Baxter Island 
and 31 additional sites roughly along the Trans-Alaska pipeline from Prudhoe Bay 
to Glennallen. The site locations axe marked in Figure 1.1 with triangles. The 
sounding sites, their location in standard meridian, township and range, and the 
length of a side of the square transmitter loops used axe given in Table A.I. The 
data collected at each sounding site axe presented in Appendix C. Site titles are 
recognizable from Table A .l with the exception o f HAJ which is the data set for 
Sawmill Creek site. Shown in the data axe the gain and stack receiver settings and 
the values displayed for each gate (in millivolts). In all sites, the receiver loop had 
an effective area of 100 square meters (100 m2) and a preamplifier gain of 52.1. 
The data in Appendix C are ordered roughly from the northern sites first to the 
southern sites last.
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#
1
10
11
12
13
14
15
16
sits location loop size
nwno T =  township, R =  range, Sec. =  section (meters)
Barter mid S side of SE 1/4 Sec. 17 400
(Island) T8N R33E Umiat Prime Meridian
Prudhoe Bay SW corner of NW 1/4 Sec. 23 400 .
(West Dock) T12N R14E Umiat Prime Meridian
Deadhorse mid W side NW 1/4 of SE 1/4 Sec. 400
(Airport) T9N R14E Umiat Prime Meridian
BVanklin center of SW 1/4  of NW 1/4 Sec. 28 400
(Bluffs) T4N R14E Umiat Prime Meridian
Happy SW corner of NW 1/4 of NE 1/4 Sec. 30 400
(Valley) T3S R13E Umiat Prime Meridian
Galbraith SW corner of NW 1/4 of NW 1/4 Sec. 23 400
(Lake) T11S RllE  Umiat Prime Meridian
Chandalar center NW 1/4  of SW 1/4 Sec. 10 200
(Camp) T16S R llE  Umiat Prime Meridian
Slate SE corner of NW 1/4 of NW 1/4 Sec. 22 100
(Creek) T28N R12W Fairbanks Prime Meridian
Coldfoot . mid W side of NW 1/4 of SW 1/4 Sec. 15 100
T28N R12W Fairbanks Prime Meridian 
Bonansa center NE 1/4 of SW 1/4 of NW 1/4 Sec. 19 100
(Creek) T21N R14W Fairbanks Prime Meridian
Oldman center of NE 1/4 of NE 1/4 Sec. 30 100
(Camp) T19N R14W Fairbanks Prime Meridian 200
Finger mid E side of SW 1/4 of SW 1/4 Sec. 25 100
(Mountain) T18N R14W Fairbanks Prime Meridian
D78.1 center SE 1/4 of SE 1/4 Sec. 19 100
(Dalton mile) T15N R12W Fairbanks Prime Meridian
Yukon center NW 1/4 of NW 1/4 of SE 1/4 Sec. 7 100
(River) T12N R10W Fairbanks Prime Meridian
D34.4 mid S side of NW 1/4 of SW 1/4 Sec. 31 100
(Dalton mile) TU N  R8W Fairbanks Prime Meridian
Hess mid S side of NW 1/4 Sec. 30 100
(Creek) T10N R7W Fairbanks Prime Meridian
TABLE A.1 SOUNDING SITE LOCATIONS
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TABLE A.1 SOUNDING SITE LOCATIONS continued
#  ait*
17 Livengood
18 E54.7 
(Elliott mile)
19 Washington 
(Creek)
20 Virgin Spruce 1
(Fairbanks)
21 Virgin Spruce 2
(Fairbanks)
22 Farm 
(Fairbanks)
23 Peat 
(Fairbanks)
24 Farmers Loop
(Fairbanks)
25 Eielson
26 Quarts 
(Lake)
27 Sawmill 
(Creek)
28 Greely
29 Fielding 
(Lake)
30 Summit 
(Lake)
31 Sourdough
32 Glennallen
location loop size
center of SE 1/4 of SW 1/4 of NW 1/4 Sec. 21 100
T8N R5W Fairbanks Prime Meridian
center of SW 1/4 of SW 1/4  of SE 1/4 Sec. 7 100
T7N R3W Fairbanks Prime Meridian
mid W  side of SW 1/4 of SE 1/4 Sec. 24 100
T4N R2W Fairbanks Prime Meridian
mid E side of NE 1/4 Sec. 36 100
TIN R2W Fairbanks Prime Meridian
mid E side of NE 1/4 of NE 1/4 of SE 1/4 100
Sec. 36 TIN R2W Fairbanks Prime Meridian
mid S side of NW 1/4 of SE 1/4 Sec. 1 100
TlS R2W Fairbanks Prime Meridian
center of SE 1/4 Sec. 32 100
TIN R lW  Fairbanks Prime Meridian
center of NW 1/4 of NW 1/4 Sec. 5 100
TlS R lW  Fairbanks Prime Meridian
center NW 1/4 of SW 1/4 of SW 1/4 Sec. 25 100
T3S R3E Fairbanks Prime Meridian
center NE 1/4 of NE 1/4 Sec. 30 100
T8S R10E Fairbanks Prime Meridian
mid W  side NW 1/4 of SW 1/4 Sec. 9 100
T12S R13E Fairbanks Prime Meridian
center NW 1/4 Sec. 13 100
T13S R10E Fairbanks Prime Meridian
center NE 1/4 of NW 1/4 of NW 1/4 Sec. 10 100
T20S R llE  Fairbanks Prime Meridian
center SE 1/4 of SW 1/4 Sec. 7 100
T20S R12E Fairbanks Prime Meridian
mid E side NW 1/4 of SE 1/4 Sec. 29 100
T10N RlW  Copper Prime Meridian 
center SE 1/4 of SW 1/4 of SE 1/4 Sec. 31 100
T5N R lW  Copper Prime Meridian
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A .3 EXPERIMENTAL PROCEDURE
At each sounding site, the transmitter of the Geonics EM-37 was carried 10 to 
50 meters from the vehicular access point. The transmitter generator and trans­
mitter electronics are located at one corner of the transmitter loop. The square 
transmitter loops used had side dimensions ranging from 400 meters at Prudhoe 
Bay to 100 m at Glennallen in an attempt to resolve the thicker permafrost at 
northern sites and the thinner permafrost expected at more southern sites. The 
bearing of line one is recorded as the angle, measured at the transmitter corner, 
clockwise from magnetic north to line one (/3 in Figure 1.5). The bearing of line 
number one will be given in the following site-by-site description. Line two runs 
from the transmitter 90° counter-clockwise from line one. Line three runs from the 
end of the 100 to 400 meter length of line one. Each side of the transmitter loop is 
formed by unreeling the insulated copper conductor from a backpackable reel with 
a mass of up to 30 kilograms for the 400 meter length. The most efficient way for 
a two-person crew to lay out the larger 400 meter-sided loops is for one member to 
unreel one spool along an appropriate magnetic heading (line one) starting at the 
transmitter comer while the second member runs line two. They then return for 
a second 400 meter spool and, taking new bearings, complete the square ensuring 
the conductors are connected at the comers. The crew returns to the transmitter 
to test transmitter loop continuity and operate the generator and transmitter.
The receiver and transmitter electronics are phase-locked and the receiver con­
sole is then carried to the center of the transmitter loop and connected to the 
receiver loop. The soundings can be taken using a transmitter pulse repetition 
frequency of 30, 3, and 0.3 Hz; for all the sites reported in this appendix, a pulse
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repetition frequency of 30 Hz was used. Transient returns were digitized and stacked 
28 or 210 times for each of 20 time gates for each sounding. The time gates axe 
spaced evenly in log time (McNeill, 1982). The digitized results from the EM-37 are 
manually recorded and the receiver polarity is then reversed for a second sounding 
with all other receiver settings (gain, stack, etc.) remaining the same. The reversal 
of receiver polarity helps to reduce noise. The second sounding completes a single 
set of sounding data. Three to four data sets are taken for each site at various 
stacking and gain settings.
Data axe reduced to signal strength at the receiver coil by removing the receiver 
gain 2n, the preamplifier gain and the effective area of the receiver loop from the 
recorded data. All soundings taken for a particular site and date axe averaged 
and a measure of the repeatability of the data is determined by taking the sample 
standard deviation of the data sets for each time gate. The averaged data are 
then corrected for the finite ramp turnoff of the transmitter current waveform and 
reduced to apparent resistivity using the late time resistivity approximation given 
in equivalent forms by Kaufman and Keller (1983), Wait (1982), Anderson (1981) 
and others; see Chapter 2 for a more thorough discussion of TEM theory. The 
correction algorithms were written by the candidate and the results were compared 
with the results of Geo-Physi-Con (private communication) for validation. For 
all these sounding sites, the late stage approximation is valid for all but a few 
of the first time gates, a feature in marked contrast to the data of the subsea 
soundings to be reported in Chapter 4. It should be apparent that those data 
points with very large estimated error should be treated with a great deal of caution 
and have been removed from the data of some of the sites shown in the following 
figures. The apparent resistivity data for each sounding site is used by the inversion 
program NLSTCI (Anderson, 1982) to provide the layered geoelectric model of best
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fit using a nonlinear least squares algorithm developed by Dennis et al. (1979). The 
geoelectric models are given as insets, whenever possible, on Figures A .l to A.32 
with the associated TEM apparent resistivity versus square root of time curve (solid 
line). The actual data points are marked with the symbol Each model is given 
in terms of layer thickness and resistivity. The models were computed using bounds 
on the allowed resistivities and thicknesses and sometimes incorporated a weighting 
scheme. In the weighting scheme, the more reliable time gates, based on estimates 
of error from sample standard deviations, were given more weight in the computer 
inversion process.
A .4 INTERPRETATION
The presence of ice-bearing permafrost in an otherwise unfrozen stratum is 
associated with an increase in resistivity barring lithologic changes. The increase of 
resistivity, that occurs when a material containing water freezes, was investigated 
as early as 1833 when Faraday conducted some experiments on this effect. More 
recently, this effect has been illustrated by the work of Hoekstra and McNeill (1975) 
and Pandit and King (1982). For a given material type, it is reasonable to assume 
that there will be at least a modest increase in resistivity when the temperature 
is low enough that ice forms in the pore spaces; this change in resistivity should 
be discernible with the TEM method. Since the resistivity of differing materials 
may vary dramatically as displayed in Figure 1.3, lithologic variations with depth 
may confuse an interpretation based solely upon thermal variations with depth. 
At many of the sites that were chosen, bedrock is overlain by reasonably thick 
sediments. However, bedrock can have resistivities similar to frozen sediments and
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hence, interpretation o f thin overburdens over bedrock in terms of a thermally- 
controlled model can be in error. In such cases, available ground truth from wells 
and boreholes plays a crucial role.
Not all sites could be interpreted. Two sites showed anomalous sign changes in 
the early time gates and could not therefore be modelled in terms of a layered earth 
of simple resistivity. These sites, #  13 at Dalton Highway Mile 78.1 and #  18 at 
Elliott Highway Mile 54.7, cannot be reduced to apparent resistivity nor modeled. 
In their respective sections that follow, these two sites have their averaged field 
strength plotted versus time and the error bars are produced using ±  one sample 
standard deviation. Another site, located in the Kuparuk Oil Field, displayed two 
sign reversals in early time and is reported in Chapter 5.
The interpretation process begins with a comparison of the sounding data to 
published normalized TEM sounding curves of Rabinovich (1977) and Rabinovich 
and Stepanova (1972). The curve matching procedure was accomplished by plotting 
the apparent resistivity (p0) from the data versus the square root of time (\/i) 
with the same log-log scaling as the published curves. Often this procedure gives 
an indication of a reasonable first layer resistivity to be used and a possible first 
layer thickness. However, curve matching using 2 and 3 layer curves sometimes 
produce starting models that are far from useful because the normalized time scales 
are misleading. Therefore, many forward curves were run using the actual field 
loop sizes to develop more useful curve matching models for the inversion process. 
Additional information, based on the loggings from drillholes, on material types and 
thicknesses is incorporated into the modelling process whenever possible. Since the 
resistivity of a material type varies dramatically due to a variety of parameters 
which cannot be measured at each site (e.g. porosity, pore water conductivity, 
and saturation), the information on material type can only give a range of possible
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values. For instance, Telford et al. (1972) give a range of resistivities for granite 
of 3 x 103 to 106 fl-m. Additionally, the information on depths from temperature 
drillholes is limited to fairly shallow (less than 60 meters) depths and therefore not 
always useful. .
Relating the theory of circular transmitter loops o f Chapter 2 to the actual 
square transmitter loops used in this thesis is straightforward. The two loops 
are essentially equivalent if they produce the same field at the center because the 
receiver loop used is small. Therefore, the circular loop of radius R  is R  =  0.555 Z, 
where the length of the side of the square transmitter loop is Z.
In the following sections of this appendix, each sounding site is discussed, in 
order, by the sounding number o f Table A .l in terms of location, site description, 
and the layered earth model results for permafrost. Since the soundings were taken 
in August and September, 1983, the site descriptions are representative of summer 
conditions when the thaw depth is near maximum, but probably not more than 1 
to 2 meters.
1. Barter Island
Barter Island, the easternmost site surveyed of all the sounding sites, is located 
above the Arctic National Wildlife Range (ANWR). ANWR is presently of great 
interest because of its probable petroleum reserves. Unlike most islands along the 
northern coast of Alaska which are barrier islands, Barter Island appears to be 
a remnant of higher ground which has been surrounded by the encroaching sea. 
Therefore, it should have permafrost since the mean annual surface temperature 
(MAST) is very cold (about —9.5° C). The island is not a very large one, however,
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having somewhat less than ten square miles of surface area. Shallow holes drilled 
on the island display very salty pore water at greater than 10 meters depth. There 
is a fresh water lake on the island and much of the first few meters of the logs of a 
nearby drillhole indicates the occurrence of fresh pore water in the sandy gravels. 
The drillhole also indicates there is cretaceous clay from 25 to at least 250 feet 
depth, the limit o f the drillhole. The site is located at the northern portion o f the 
island, north of the lake and at the end of a gravel road built for the US Air Force 
DEW radar site. The magnetic bearing of line one was 180 degrees (directly south). 
The land is covered with a vegetative mat and small bushes with little surface relief.
The TEM data are fairly complicated and requires many layers to obtain a 
reasonable fit. The interpretation in terms of a 5 layer model shown in Figure 
A .l suggests there are about 144 meters of ice-bearing permafrost at this site. 
This interpretation is suspect, because permafrost, 350 to 500 meters thick, would 
be expected from the cold MAST and from the extrapolation of the temperature 
profile at the drillhole location. It is possible that the deeper sediments, while 
permafrost by definition of temperature, are not ice-bearing due to the freezing 
point depressions associated with pressure, salinity and interface curvature.
The interpretation also indicates that very conductive sediments underlie this 
frozen zone implying the existence o f highly saline unfrozen zones. This is consistent 
with the suggestions of Osterkamp and Payne (1981) on the presence of such zones 
in the Beaufort Sea.
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Figure A .l TEM data and inversion model for the Barter Island site plotted 
as apparent resistivity versus the square root of time on log-log scales. The 
inversion geoelectric model is shown in the inset and the root mean square 
error (RMSERR) of the model to the data is also given.
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2. Prudhoe Bay .
This TEM site is located approximately 200 meters from the shoreline and 25 
meters to the north side of the gravel road to the West Dock causeway at Prudhoe 
Bay and has a MAST of about —9.0° C. Line one had a magnetic bearing of 260 
degrees, running very close to a temperature borehole maintained by Osterkamp 
(private communication). There axe many shallow small lakes, large-scale patterned 
ground (polygons of about 40 to 60 feet across), and vegetation consisting of grass 
and a thin vegetative mat at this site. The nearby location of the salty water of 
Prudhoe Bay would suggest the occurrence of some fairly conductive ground due 
to sea-level changes, storm surges or other transport process. It is very well known 
that unconsolidated fluvial deposits o f interbedded clays, sands, and gravels exist 
to depths greater than 1000 meters at this locale.
At this site the depth to the base of permafrost is discernible in the TEM data. 
The apparent resistivity curve for this site shown in Figure A.2 is fairly simple and 
easy to interpret and contrasts with the more complex scenario of subsea permafrost 
extending offshore as reported in Chapter 4. This site fits a simple 3 layer model 
composed of two distinct layers of higher resistivity material interpreted as ice- 
bearing permafrost above an unfrozen low resistivity basement. The resistivity 
values derived from the model compare favorably with the resistivities calculated 
directly using Archie’s law (Equation 1.9), in which 2.5 fi-m pore water in a 40 
percent porosity matrix of saturated sands and gravels with an exponent of 1.5 
gives 10 fi-m bulk resistivity. The resistivity of this material may be 20 to 200 Q-m 
upon freezing.
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Figure A .2 TEM data and inversion model for the site near the West Dock 
causeway of Prudhoe Bay. The geoelectric inversion model is given in the 
inset.
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The 606 meter thickness of the permafrost determined by inverting the data 
compares well to borehole temperature information as reported by Osterkamp and 
Payne (1981) who give a thickness of 560 meters at ARCO North Prudhoe Bay 
State #1 well. It is also comparable to the thickness of 565 meters inferred from 
the Dual Induction Laterlog (DIL) for resistivity at the discovery well Prudhoe Bay 
State #1  well about 6 kilometers south of West Dock.
3 « Deadhorse
The Deadhorse site lies on the north slope of the Brooks Range near Dalton 
Highway Mile 411. The site is south of Deadhorse Airport located at Dalton High­
way Mile 415. Line one magnetic bearing is 300 degrees and line two passes close to 
a temperature borehole. The site is covered with a thin vegetative mat, grass and 
small bushes with some small-scale, patterned ground containing mud boils and 
ice wedge features with, at the time of the sounding, occasional shallow standing 
water. Borehole temperature information gives a MAST of about —8° C.
The deposits here are fluvial sands and gravels deposited by the Sagavanirktok 
River during the Tertiary geological period (see Brown and Kreig, 1983 and Carman 
and Hardwick, 1982). Again, these deposits are very deep (about 1100 meters) and 
it is reasonable to expect a strong resistivity change with a thick permafrost zone. 
The DIL from the ARCO drill site 12-3 indicates about 573 meters for the thickness 
of permafrost in the area.
Although 2, 3, and 4 layer models were run at this site, the models with greater 
number of layers were not significantly superior to the 2 layer model. Although no 
model seems to fit the data very well, the best fit 2 layer inversion model does
182
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
appear to give a reasonable estimate of the thickness of permafrost at 616 meters 
as shown in Figure A. 3.
4. Franklin Bluffs
The Franklin Bluffs site is located just west of the bluffs, near Dalton Highway 
Mile 376 with a line one bearing of 280 degrees and a borehole located at the 
connection of lines three and four. This site is over the fluvial deposits of the 
Sagavanirktok River. Due to the general northward thickening of these deposits, 
the deposits are somewhat thinner (about 700 meters) than at Deadhorse. The 
vegetative mat at this site is thicker with high grass and more bushes than the sites 
closer to the coastline, but it is still north of the boreal limit. The ground is uneven 
and shows strong evidence of patterned ground with mud boils about 60 feet apart 
and standing water between the ridges of the ice wedge formations.
A distinct resistivity change occurs considerably shallower than the base of the 
fluvial deposits at this site. This resistivity change has been interpreted as being the 
base of permafrost. As shown in Figure A.4, the interpreted permafrost thickness is 
184 meters consisting of two higher resistivity layers over a low resistivity unfrozen 
layer. 2 and 3 layer model inversions produced similiar thickness for an upper, more 
resistive layer, interpreted to be permafrost. The table of permafrost is again near 
surface and was not discerned with the TEM sounding.
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Figure A .3 TEM data and inversion model for the Deadhorse site, located 
south of the Deadhorse Airport.
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Figure A .4  TEM data and the inversion model match for the Franklin Bluffs 
site. The site is located south of Franklin Bluffs and just west of the Saga­
vanirktok River only slightly elevated from the present drainage.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5. Happy Valley
This is an interesting site near Dalton Highway Mile 336.4 with a line one 
bearing of 330 degrees and line two passing near a borehole. Drilling for the tem­
perature soundings conducted by T.E. Osterkamp (private communication) at this 
site indicated the presence of very thick, solid ice for some 20 meters. The ground is 
elevated about 100 feet above the drainage of the Sagavanirktok River and covered 
with small tussocks and berry bushes.
The TEM soundings invert to a model with a very high resistivity layer, under­
lain by a somewhat less resistive layer that can also be interpreted to be permafrost 
lying over a third layer which is the least resistive -  interpreted to be unfrozen 
sediments. As shown in Figure A.5, this interpretation gives a total of about 175 
meters of frozen material (solid ice underlain by frozen silt and sands and gravels) 
over unfrozen sediments. The depth to bedrock cannot be determined with this in­
terpretation. It is worth noting that the inversion model at this site is a particularly 
good fit to the sounding data.
6. Galbraith Lake
The Galbraith Lake site is located in the Brooks Range near a construction 
camp for the Alyeska Pipeline. The Galbraith Lake road leading first to the airport 
and on to the construction camp leaves the highway near Dalton Highway Mile 
275. Shortly past the airport entrance, at a junction in the road, a road leads 
west into the mountains. The site is located about 400 meters along and 15 meters
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure A .5 TEM data and inversion match for the Happy Valley site. Drill­
hole information indicates 20 meters of solid ice at this site.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
from the road with a line one bearing of 175 degrees. The location of the site in 
the mountains with fairly steep terrain precluded the selection of a flat site. The 
terrain displays the surface features common to the ice wedge-associated, polygonal 
structures found throughout the Arctic (for more information on the features of the 
northern climes, see Washburn, 1980 and Johnson, 1981). The ground is covered 
with tussocks and berry bushes. Borehole temperature information indicates a 
mean annual surface temperature of about —8° C and that the upper 50 meters are 
relatively dry.
The EM-31 measurements taken at this site display resistivity variations which 
correlate well with the surface structure. It is evident, however, that the EM- 
37 cannot detect the presence of the near surface ice wedges; the near surface 
properties are well hidden in the first few time gates when large transmitter loops 
(>  100 meters on a side) are used. The majority of information will be derived 
from the material at greater depths (on the order of the transmitter dimensions, 
see Nabighian, 1979, Anderson, 1981, and Kaufman and Keller, 1983).
The interpretation at this site (see Figure A.6) calls for 229 meters of per­
mafrost. Drillhole information shows that the upper 50 meters of material axe 
very dry and hence should possess relatively high resistivity. On the other hand, 
the EM-37 inversion model indicates that the upper 42 meters have a relatively 
lower resistivity than the next 187 meters. It is difficult to make sense of the two 
apparently opposing pieces of information.
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Figure A.6 TEM data and inversion model match for the site near Galbraith 
Lake, in the northern foothills of the Brooks Range.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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7. Chandalar Camp i
Chandalar Camp site is located just south of Atigun Pass near the landing 
strip o f the pipeline camp at about Dalton Highway Mile 241.2 with a line one 
bearing of 155 degrees. The site is located approximately 50 meters i.o the east of 
the southern end of the landing strip. The ground is covered with a thick vegetative 
mat and large berry bushes. The MAST at this site is approximately —3.5° C.
This site is located in the thick muskeg in the valley bottom between two nearby 
peaks. The past glaciation of the area produced a typical smoothly-rounded, U- 
shaped valley with a small stream and multiple drainage patterns in the valley 
bottom. The ground is covered with a thick vegetative mat and occasional large 
berry bushes.
As may be seen in Figure A.7, the apparent resistivity data for this site show 
comparatively little change with time. The best fit model predicts a rather thick, 
276 meters o f permafrost at this site.
8. Slate Creek
The Slate Creek site is about 3 miles to the north and east of Coldfoot Truck 
Stop. The site is located on the saddle of a small hill in the valley bottom between 
two much taller peaks (about 1100 meters) in the southern reaches of the Brooks 
Mountains. Drilling by Osterkamp (private communications) for temperature prob­
ing displayed the presence of bedrock at shallow depths. The terrain is covered with 
a vegetative mat, thick berry bushes and small, scattered black spruce trees.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure A .7  TEM data and inversion model for the Chandalar site just south 
of Atigun Pass in the Brooks Range.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
As may be seen in Figure A.8, the TEM data clearly exhibits a very resistive 
basement at a shallow depth. The thickness estimate for the first layer overburden 
from the inversion data is 9.8 meters. The prediction of a thin layer of weath­
ered material is reasonable, as is the resistivity estimate of >  3500 fi-m for the 
overlying bedrock. An interesting aspect of this data is the strong upturn in the 
apparent resistivity with time (indicating high resistivity below). This type of curve 
demonstrates how quickly the signal strength approaches the noise level in a very 
resistive ground. This is the reason that only eight data points were retained for 
the purposes of inversion at this site.
9. Coldfoot
Coldfoot is a site adjacent to the southwestern corner of the Coldfoot Truck 
Stop cleared area, just north of Dalton Highway Mile 175, with line one bearing 
340 degrees. Two shallow water wells (about 12 meters deep) drilled in the area 
for Dick Mackey, the owner of the truck stop, indicate unfrozen ground and very 
good water flow. Since the site is located in the floodplain of the Middle Fork of 
the Koyukuk River just south of its confluence with Slate Creek, the materials are 
most likely to be sands and gravels down to bedrock. The vegetation consists of a 
very thick forest cover of various types of trees including willow, birch, and spruce 
with a medium thickness vegetative mat between trees.
The data and inversion model (Figure A.9) show there are approximately 250 
to 300 meters of unfrozen materials above bedrock. The upper 60 meters display
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure A.8 TEM data and inversion model for the Slate Creek site to the 
east and north of Coldfoot Truck Stop.
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Figure A.9 TEM data and inversion model for the Coldfoot sounding site 
located at the southern end of the Coldfoot Truck Stop.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
resistivities characteristic of fresher pore water whereas the deeper unfrozen mate­
rials evidently have greater amounts of impurities in the pore water. The ground 
water Sow must be considerable to keep these materials unfrozen.
10. Bonanza Creek
The Bonanza Creek site is located at Dalton Highway Mile 122.5 with line one 
bearing 306 degrees. The site is on the western side of the Dalton Highway on the 
western slope of a hill rising some 1500 feet above the valley of the Bonanza Creek 
drainage. There are few trees but the site is well covered with a thick vegetative mat 
and woody berry bushes. There is no other information from drillholes available 
for this site.
Interpretation of the data (shown in Figure A.10) indicates there are about 104 
meters of ice bearing permafrost at this site. The 2 layer model does not indicate 
the presence of bedrock at this site.
11. Oldman Camp
Oldman Camp is another site near a Trans-Alaska Pipeline construction camp. 
It is located off a road which leaves the Dalton Highway at mile 105.9 to the east 
leading to the Oldman airstrip. The TEM site is located about 0.7 mile along this 
road to the north with a line one bearing o f 355 degrees. The borehole at this site 
is about 800 meters away from the transmitter location at a bearing of 320 degrees. 
The ground is evenly-sloped with medium-sized tussocks and some standing water
195
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Figure A .10 TEM data and inversion model for the Bonanza Creek sound­
ing site.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
in the troughs at the time of the sounding. This site was sounded with both 100 
meter and 200 meter square transmitter loops.
The TEM data and inversion model axe shown in Figure A .ll. The site is inter­
preted to have 92 meters of permafrost material underlain by 409 meters of unfrozen 
material on bedrock. This interpretation corresponds well to an extrapolation of 
temperature borehole information which gives about 90 meters of permafrost at 
this site.
12. Finger Mountain
The Finger Mountain site is just south of the road at Dalton Highway Mile 
97.5, with line one bearing 270 degrees. The site which is fairly flat is covered with 
a thin vegetative mat and small berry plants and lies on the saddle between two 
tors near the top of a small hill at about 2200 feet elevation. There axe occasional 
outcropping rocks. It is probable that the site is underlain by granitic bedrock 
(since the terrain displays granitic tors on the nearby mountain tops as discussed 
in Brown and Kreig, 1983). However, the interpretation of the TEM profile shown 
in Figure A .12 would suggest that there axe about 151 meters of permafrost material 
of resistivity 286 ft-m underlain by unfrozen material at 51 ft-m.
This site does display the presence of a highly resistive basement in the later 
gates, but so few of the later gates were well above noise level that it is unclear 
that the 3 layer model is warranted. This interpretation suggests that the material 
is extremely weathered to great depths. No borehole information was available at 
this site.
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of the Oldman Pipeline Construction Camp airstrip.
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Figure A .12 TEM data and inversion model for the site near Finger Moun­
tain.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13. Site at Dalton Mile 78.1
This site is located at Dalton Highway Mile 78.1, to the north and east of 
the road (downslope), with line one bearing 90 degrees. The vegetation consists 
of scattered dense stands of trees with a vegetative mat of medium thickness and 
little standing water. The roadcuts in the area show tertiary basalt as well as post- 
Miocene gravel, sands and silts (Brown and Kreig, 1983). The EM-37 data exhibited 
a sign reversal in early time and thus interpretation in terms of simple conductive 
horizontal layers was precluded. Further, there was no borehole information at this 
site to aid in the interpretation of the anomalous signal.
At this site and one other (#  18, Elliott Mile 54.7), the received signal changed 
sign in early time gates. To show this anomalous signal, the raw field strength at 
the receiver coil is displayed in Figure A. 13 as a function of the square root of time 
for this site. The computation of sample standard deviation for each gate produced 
the error bars shown. For comparison, the data from Hess Creek (#  16), which 
displays the more typical signature which has no early time sign change, is also 
plotted in Figure A. 13. When the signal strength decreases rapidly, the later time 
gates will often show sign changes since the signal has reached the noise level of 
the system (about 1 microvolt per meter squared, see McNeill, 1982). A change 
of sign cannot occur in TEM central induction soundings for the vertical magnetic 
field over a conductive layered earth. Thus the sounding from this site was not 
interpretable in terms of a layered earth of simple resistivity. It is, however, possible 
that the change of sign may be due to minerals (recall the evidence of basalt flows 
in the roadcuts) producing an IP effect (see Chapter 5 for further discussion and 
references) or to two and three-dimensional resistivity anomalies within the earth.
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Figure A.13 Averaged raw data for the site at Dalton Highway Mile 78.1 
showing an early time sign change and for the Hess Creek site (site #  16).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The only certain thing axe that the data is repeatable and not due to equipment 
malfunction.
14. Yukon River
The Yukon River sounding site is along a small road which heads east from 
Dalton Highway Mile 55.-5. The transmitter was placed about 10 meters north from 
a gravel pad located about 0.1 mile along this road. Line one has a bearing of 70 
degrees across old floodplain deposits of the Yukon River which were covered with 
very large tussocks with as much as a foot of standing water between tussocks at 
the time of the sounding.
The interpretation o f the data from the site shown in Figure A. 14 is contrary 
to the information derived from the temperature borehole, wherein the thickness 
of permafrost is extrapolated to be about 70 ±  2 meters (Osterkamp, personal 
communications). The TEM interpretation in contrast suggests that 189 meters of 
frozen material at about 188 ft-m resistivity lies over unfrozen material 207 meters 
thick at 92 ft-m resistivity, which, in turn, overlies bedrock of very high resistivity.
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Figure A . 14 TEM data and inversion model for the Yukon River site near 
the Dalton Highway bridge over the Yukon River.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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15. Site at Dalton Mile 34.4 •
This site is located at Dalton Highway Mile 34.4 downslope on the rounded 
edge o f a hill to the south of the highway. Line one has a bearing of 170 degrees. 
The vegetation is a thick vegetative mat with scattered black spruce. The near 
surface rocks here are of metamorphic type.
The TEM sounding data and inversion model shown in Figure A .15 suggests 
there are about 90 to 100 meters of material overlying a highly resistive bedrock. 
The sounding seems to indicate frozen material, with no evidence of a unfrozen 
zone, extending to bedrock at this mostly south-facing site. Nearby hills to the 
south keeps the slope well shaded for much of the year.
16. Hess Creek
Located in the floodplain of Hess Creek, this site is south of the road at Dalton 
Highway Mile 2A.7 with line one bearing 240 degrees. This is just south of the Hess 
Creek bridge in a locale of very deep tussocks with as much as six inches of water 
standing at low points (at the time of the sounding).
The data and inversion model shown in Figure A. 16 suggests there are 305 
meters of permafrost material at about 200 fi-m resistivity underlain by 5 meters of 
unfrozen material at 12 fi- m resistivity underlain by bedrock of very high resistivity. 
There is no borehole information at the site but the permafrost thickness seems 
unduly large for the site location.
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Figure A .15 TEM data and inversion model for the site at Dalton Highway 
Mile 34.4.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure A .16 TEM data and inversion model for the Hess Creek site just 
south of the Hess Creek bridge.
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17. Livengood
This site is located at Elliott Highway Mile 71.1 on the south side of a small 
roadside turnout with line one bearing 250 degrees. Not far from the Ready Bullion 
Creek, the lowlands are covered with a thick vegetative mat and small spruce. The 
deposits here are sands, gravels and silts over metamorphic bedrock (Brown and 
Kreig, 1983).
The interpretation for the data shown in Figure A. 17 calls for four layers: layer 
one is a permafrost layer 92 meters thick of 530 fi-m resistivity, layer two is unfrozen 
at 47 ft-m resistivity and 117 meters thick, layer three is a very conductive layer of 
only 2.7 fl-m resistivity (perhaps a very saline pore water) only 4.6 meters thick, 
and the fourth layer is bedrock at about ten thousand fi-m resistivity.
18. Site at Elliott Mile 54.7
This sounding site is east o f the road at Elliott Highway Mile 54.7 on the 
rounded edge of a hill downsloping to the east with line one having a bearing 
of 120 degrees. The vegetation is a uniformly thick vegetative mat with fairly 
uniform small (mostly blank spruce) trees. There is no borehole information at this 
site. However, Brown and Kreig (1983) note the presence of large ice-masses and 
extensive ice-wedges in the permafrost exposed by roadcuts in this area.
This is the second site (the other is D78.1, site #  13) which displayed a single 
sign change in early time as shown in Figure A.18. This site cannot be interpreted 
in terms of a layered earth with ordinary resistivity. The sign change was repeatable
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Figure A .17 TEM data and inversion model results for the Livengood site.
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Figure A .18 Averaged raw data for the TEM data for the Elliott Highway 
Mile 54.7 site showing an early time sign change.
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in each of two sounding days taken a few days apaxt strongly suggesting instrument 
problems were not the cause of the anomalous signal.
19. Washington Creek
This site is in the floodplain of Washington Creek north of the road at Elliott 
Highway Mile 19.6 with line one bearing 60 degrees. The bedrock here is the well 
known Birch Creek schist. A thick vegetative mat and closely-spaced small spruce 
trees cover the ground.
The geoelectric model for this site (Figure A.19) is difficult to interpret in terms 
of permafrost. This may be because the zone o f permafrost includes a portion of 
bedrock. A 4 layer model seems to have the best fit: layer one is 50 meters thick at 
262 Ct-m resistivity, layer two is 297 meters thick at 415 fl-m resistivity (perhaps 
weathered bedrock?), layer three is 9 meters thick at 52 fl-m, and the basement 
resistivity is extremely large.
20. Virgin Spruce 1
Located in the Fairbanks area, this site is near a temperature borehole of 
Osterkamp (personal communications). The site, approximately 1.8 kilometers 
north of the campus o f the University of Alaska, is reached by traveling south 
along the section line between R2W and R1W at TIN between sections 36 and 
31. The transmitter and receiver were located along the brush line of the section 
line with line one bearing 225 degrees. The land is covered with' a vegetative mat,
210
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Figure A .19 TEM data and geoelectric model for the Washington Creek 
site.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
various species of evergreen and deciduous trees of varying heights and scattered 
patches of thick berry bushes. The site area, which slopes slightly to the south, is 
well drained. The hillsides above Fairbanks are thickly mantled with silts generally 
overlying sands and gravel deposits. The bedrock in the area consists of schists.
The temperature borehole information suggests perhaps 25 meters of per­
mafrost at this site. The TEM data and simple 2 layer inversion model (not shown) 
are interpreted to suggest about 75 meters of overburden material on bedrock. In 
a 3 layer model, the first layer is frozen, the second layer is unfrozen, and the third 
layer is bedrock. The thickness of a thin layer of frozen material is not resolved 
in the TEM inversions. The permafrost thickness cannot be estimated from the 
inversion model of Figure A.20 which displays a typical inversion result.
The model is a good fit to the data but demonstrates the problem with resolving 
the thin, more resistive permafrost layer. The inversion model is a result of an 
attempt to fit the data with a 3 layer scenario wherein the thin layer of permafrost 
overlies unfrozen sediments on bedrock. The first two layers of the inversion model 
have nearly the same resistivities, indicating a lack of resolution of the thin highly 
resistive layer. In order to resolve the thin layer, a few more data points on the 
portion of the curve which decreases with time must be obtained. The data of 
the next site demonstrates the results when this decreasing portion of the curve is 
available.
Direct current (DC) resistivity measurements were made earlier at this site by 
the author. The computer inversion of these unpublished measurements produced 
a geoelectric model with five layers. This model gives more detailed information on 
the depth to the permafrost table and base. The model calls for a very thin first 
layer thickness of 0.24 meters with 36.7 fl-m resistivity (thawed layer thickness in 
late September) over a slightly thicker 0.48 meter layer of higher resistivity (5235
212
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Figure A .20  TEM data and inversion model for Fairbanks area site Virgin 
Spruce 1 located south of the end of Dalton Trail Road.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ft-m, ice rich?). These thin layers overlie a third layer, 1.5 meters thick, with 38.4 ft- 
m resistivity (perhaps an unfrozen zone) over 22.3 meters of 2324 ft-m permafrost. 
The fifth layer, has a resistivity of 37.8 ft-m. Even though the data were taken with 
arrays for which the spacing between the outer electrodes varied from 6 feet to 1200 
feet, the DC resistivity method did not discern the depth to bedrock. Although the 
inverted resistivities seem to have too much variation for material changing only in 
temperature with depth, the fit to the DC resistivity data is good and the depth 
to the permafrost base is about right from the temperature data.
21. Virgin Spruce 2
This site had line one bearing directly south (180 degrees) along the section line 
(same section line as Virgin Spruce 1, but approximately 760 feet south) between 
sections 36 and 31. The borehole is approximately 37 feet directly west of the 
1/4 section marker established by the BM General Lands Office in 1910. This is 
roughly the center of line one for the TEM sounding. The land, covered with a 
thick vegetative mat, various types of trees dominated by scrub spruce and berry 
bushes, slopes to the south. The hillsides above Fairbanks such as this one are often 
mantled with thick, eolian silts overlying bedrock of Birch Creek Schist.
The interpretation of the TEM data shown in Figure A.21 calls for about 81 
meters of overburden silt at this site. The thickness of the frozen layer is again 
not well resolved by the TEM system. Relatively warm permafrost composed of 
silt, rich in clay minerals, may have fairly low resistivities. Thus the model from 
the inversion may be interpreted to show the existence of 38 meters of permafrost 
with resistivity 147 ft-m, overlying a layer of unfrozen silts 43 meters thick with
214
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Figure A .21 TEM data and inversion model for the Fairbanks area sounding 
site Virgin Spruce 2 located south of Dalton Trail Road.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
resistivity 27 fi-m. These layers overlie bedrock with a resistivity of about 1263 
fl-m. This corresponds well with the available temperature extrapolation which is 
interpreted to show about 38 meters of permafrost occurs at this site.
22. Farm
This Fairbanks area site, located on the University of Alaska, Fairbanks, Agri­
culture and Forestry Experiment Station (AFES), was the most accessible from the 
Geophysical Institute and, therefore, served as a test site for the repeatability of 
the instruments. The site is at the center of a large field which has been under 
cultivation for many years. The center of line one was 50 feet directly east of the 
small gray instrumentation shack. The bearing of line one was 160 degrees. Water 
well drilling logs show that the Tanana River flood plain area, on which this site 
is located, has a complex structure of interleaved silts, gravels, and sandy layers. 
However, two drillholes nearby the site show more or less a continuous overburden 
of silt to a depth between 8 to 30 meters lying over bedrock. These also show that 
the thawed zone has reached a depth of about 10 meters.
The interpretation of this data shown in Figure A.22 for this site is very dif­
ficult since the TEM signature was not well matched by any of the many runs 
made for inversion geoelectric models. Although more complicated scenarios were 
attempted, the simple 2 layer model fits the data as well as any model attempted. 
Unfortunately, the 2 layer inversion has 107 meters of material over bedrock. This 
model does not give the thickness of permafrost.
The DC resistivity inversion of data taken by the author at this site shows 
only that very resistive ground begins at approximately 8 meters depth. There is
. 216
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Figure A .22 TEM sounding data and inversion model for the Fairbanks 
area sounding Farm site located in the University of Alaska agricultural field.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
no curve break corresponding to unfrozen ground below the permafrost and above 
the bedrock. This suite of data strongly argues that permafrost extends into the 
bedrock.
23. Peat
The Fairbanks area Peat site is located on University of Alaska land between 
College Road and Farmers Loop Road, east of the University and west of the 
Tanana Valley Fairgrounds. During the time o f the TEM sounding, the site was 
inaccessible to vehicular traffic and the heavy equipment had to be transported by 
hand over tussock-covered terrain. The site is in an area of thick peat bogs with 
the wet ground supporting only a few small, scattered trees and willows.
The data shown in Figure A.23 is interpreted in terms o f three layers with 
a 38 m thick first layer with a resistivity o f 554 f2-m which overlies a layer 141 
meters thick having a 55 fl-m resistivity. The third layer is bedrock. The first 
layer with the relatively high 554 fl-m resistivity may be considered frozen ice-rich 
peat possibly interspersed with sands and gravels. The second layer appears to be 
unfrozen.
218
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SQUARE ROOT OF TIME (SQRT OF SECONDS)
Figure A .23 TEM sounding data and inversion model for the Fairbanks 
area Peat site.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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24. Farmers Loop
This Fairbanks area sounding site is located east of Farmers Loop Road with 
line one bearing 105 degrees; the site is 0.2 mile north of the main entrance to the 
University of Alaska and is about 0.6 mile south and west of the previous peat site. 
A section line served as an access trail. The land is flat, tussocky, with few trees, 
but many willows.
A geoelectric model with four layers gives an excellent fit to the data of Figure 
A.24. Layer one is 35 meters thick of 251 ft-m resistivity, layer two is 285 fl-m with 
a thickness of 116 meters, layer three is 90 meters thick of 19 fl-m, and layer four 
is a low resistivity basement of 4 fl-m. The nearby temperature borehole suggests 
there are about 66 meters of permafrost at this site, which differs considerably from 
the 151 meter thick layer interpreted from the TEM model.
25. Eielson
This site is located east of the Richardson Highway at Mile Post 337 with line 
one bearing 100 degrees. The area is covered with brush and small trees and may 
have been cleared around 30 years ago. The area is on the floodplain of the Tanana 
River with the many former drainage channels and varied topography typical of 
such large rivers in central Alaska. (See Pewe and Reger (1983) for information on 
the Richardson and Glenn Highway geology and landscape features.) The data for 
this site is shown in Figure A.25. The inversion model is interpreted to indicate 
the existence of 43 meters of permafrost at this site.
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SQUARE ROOT OF TIME (SQRT OF SECONDS)
Figure A .24 TEM sounding data and inversion model for the Fairbanks 
area Farmers Loop site.
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SQUARE ROOT OF TIME (SQRT OF SECONDS)
Figure A .25  TEM sounding data and inversion model for the Eieison site 
just south of the Eieison Air Force Base runway.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
This site is located at Quartz Lake at the end of a maintained gravel road 
leading five miles north and east from the Richardson Highway Mile 278.9. The 
TEM sounding was taken with the transmitter at the eastern extreme of some 
campsites on a loop of the access road with line one bearing 110 degrees. The land 
was very wet with small streams of water running around tussocks and scattered 
stands of fairly large trees. The data, for this site is shown in Figure A .26.
Because there is a relatively shallow, high resistivity bedrock and a relatively 
large transmitter loop (compared to the thickness of the overburden) was used, the 
actual thickness of the permafrost layer could not be accurately interpreted from 
the inversion modeling. This data did not show sufficient curvature to warrant the 
application of a 3 layer model. It is believed a decrease in the sounding loop size may 
be needed for the determination of permafrost. The 2 layer model does not explicitly 
predict the occurrence of permafrost at this site. The 2 layer interpretation calls 
for a first layer 81 meters thick with a 213 Sl-m resistivity overlying a basement 
having 1035 fi-m resistivity.
27. Sawmill Creek
This site is near Sawmill Creek and is somewhat to the east of the Trans Alaska 
Pipeline. The site is accessible from the Alaska Highway east of Delta Junction, 
Alaska. There is a dirt road leading south from about Mile 1402 of the Alaska 
Highway. There is a wide point in the road that may be used as a turn around a little
223
26. Quartz Lake
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Figure A .26 TEM sounding data and inversion model for the Quartz Lake 
site.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
less than a mile from the main highway. The TEM sounding was taken to the east 
of this widening in the road with line one bearing 170 degrees. Numerous medium­
sized trees of all types with a fairly thick vegetative mat covered the flat landscape. 
The deposits here consist of fluvially-reworked glacial debris from outwash deposits 
of old moraines and the more recent moraines deposited by glaciers of the Alaska 
Range a few miles to the south of the site.
The 2 layer interpretation of the data shown in Figure A.27 calls for very 
resistive 201 meter thick permafrost having a resistivity of 1712 ft-m over less 
resistive material with a resistivity of 335 ft-m.
28. Greely
This site is located off a dirt road which leads east toward an abandoned radar 
site from Richardson Highway Mile 248.5, north of Donnelly Dome. The TEM 
sounding was taken near a point 0.55 miles from the Richardson on the south 
side of the road with line one bearing 230 degrees. The vegetation here is a thin 
vegetative mat with berry bushes. The underlying deposits are of glacial origin, 
probably from the Donnelly Glaciation period.
The data shown in Figure A.28 is interpreted to show the existence of two 
layers: layer one is 100 meters thick with 110 ft-m resistivity and layer two has 
a resistivity of 651 ft-m. Clearly the TEM data at this site indicates there is no 
permafrost. Additional support for this interpretation is based on the temperature 
data from a nearby borehole which gives a MAST of +1.5°.
225
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SQUARE ROOT OF TIME (SQRT OF SECONDS) |
Figure A .27  TEM sounding data and inversion model for the Sawmill Creek !
site. I
i
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Figure A .2 8  TEM sounding data and inversion model for the Greely site 
north o f Donnelly Dome.
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29. Fielding Lake
The Fielding Lake site is located about 0.6 mile along the access road leading 
southwest off Mile 200.5 of Richardson Highway. The sounding site is west of the 
road with line one bearing 349 degrees. The site is on the lowlands of the confluence 
of Phelan Creek and the outflow creek of Fielding Lake. The ground is covered with 
medium tussocks and sparse scrub spruce.
The sounding data are shown in Figure A.29. A 3 layer model for this site 
gives a first layer thickness of 146 meters of 146 ft-m material. The second layer 
is 242 meters thick with a resistivity of 36 ft-m and overlies 1018 ft-m bedrock. 
The interpretation of the first layer as permafrost is doubtful but possible. The 
upper layers may contain permafrost that is not well delineated by the 100 meter 
sounding loop.
30. Summit Lake
This site is located on the glacial outwash of the Gulkana Glacier and is reached 
by a dirt road leading north to a pipeline construction camp from Mile 197.7 of 
the Richardson Highway. The site is on the east side of the road about one mile 
from the main highway with line one bearing 155 degrees. The vegetation is a thin, 
patchy vegetative mat with scattered berry bushes; much of the area is not covered 
with vegetation with exposed patches showing gravel and sand.
The data for this site, shown in Figure A.30, is interpreted to suggest there 
are about 242 meters of material over bedrock. The uppermost 112 meters of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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SQUARE ROOT OF TIME (SQRT OF SECONDS)
Figure A .29 TEM sounding data and inversion model for the Fielding Lake 
site.
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SQUARE ROOT OF TIME (S.QRT OF SECONDS)
Figure A .30  TEM sounding data and inversion model for the Summit Lake 
site.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
material over bedrock is more resistive than the lower 130 meters; however, the 
interpretation of the uppermost layer as permafrost is doubtful.
31. Sourdough
The Sourdough site is located about 6 miles north of Sourdough Lodge at 
a turnout at Richardson Highway Mile 154.5 near Geodetic Survey Marker L8 
1923. Unfortunately, the bearing of line one was inadvertently not recorded, but is 
estimated to be 108 degrees. The terrain was covered with a vegetative mat and 
uniform small trees of varying types. The overburden here appears to have been 
deposited in a large ancient glacial lake (for borehole information nearby, see Yehle 
et al., 1985). This site is near Sourdough Creek which is a tributary of Gulkana 
River.
The modeling of the data shown in Figure A.31 calls for a first layer 51 meters 
thick with 463 ft-m resistivity (interpreted to be permafrost). The second layer is 
198 meters thick with a resistivity of 132 fl-m and overlies bedrock with a resistivity 
of nearly 75,000 fi-m. The nearby temperature borehole indicates a MAST of about 
—0.5° C. Logs of this drillhole shows permafrost occurs to at least a depth of 60 
meters, the limit of the borehole.
231
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Figure A.31 TEM sounding data and inversion model for the SourdoughSlbG t
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32. Glennallen
The southernmost site, near Glennallen, Alaska, is accessed by a dirt road 
along a section line directed west of Richardson Highway Mile 120.1. The dirt road 
is just north of the Gulkana airport. The site is on the north side of the dirt road, 
0.35 miles from the main highway with line one bearing 18 degrees. The land is 
flat with tussocks and occasional willows and berry bushes.
The data for this site is shown in Figure A.32. Modeling of the data indicates 
there are about 31 meters of frozen material (779 fl-m resistivity) overlying material 
that decreases in resistivity with depth. There is little evidence of the occurrence 
bedrock in the sounding. The total depth to a very conductive layer (high salinity 
for 6 Q-m) is about 120 meters. Nearby temperature borehole information indicates 
the existence of an abrupt change in lithology at about 30 meters depth and a 
permafrost thickness of about 37 meters. The occurrence of high salinity layers in 
the deposits of the Copper River Basin is thought to be attributable to evaporation 
and subsequent drying of a large lake that existed during the Pleistocene period 
(Yehle, Odum, and Reneau, 1985).
SUMMARY
The data from 32 TEM sounding sites located roughly along the Trans Alaska 
Pipeline from Prudhoe Bay to Glennallen were interpreted, whenever possible, in 
terms of a geoelectric model of horizontal layers. Each layer has uniform simple 
resistivity and thickness. The geoelectric model is derived by computer inversion
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SQUARE ROOT OF TIME (SQRT OF SECONDS)
Figure A .32 TEM sounding data and inversion model for the Glennallen 
site located west of the Gulkana airport.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
using a non-linear, least squares algorithm. The geoelectric model with the best fit 
and most reasonable interpretation is used to infer the thickness of permafrost at 
each site.
The thickness of permafrost from the TEM sites ranged from 605 meters at 
Prudhoe Bay near the West Dock to zero at Coldfoot, Alaska. As expected, the 
TEM data indicates a general trend of permafrost thickness decreasing with decreas­
ing latitude. However, the presence and thickness of permafrost varies tremendously 
depending upon local conditions as is evidenced by the Coldfoot site which is about 
one-third of the way along the Prudhoe Bay to Glennallen transect. Since these 
sites were mostly located at widely-spaced intervals in different drainages and in 
various terrain conditions, the results cannot be used to extrapolate the extent of 
permafrost between sites.
Some sites could not be interpreted in terms of a geoelectric model because 
the sounding data displayed sign reversals in the early time. At a few sites where 
permafrost is known to exist, the data were inadequate to reveal the presence of thin 
permafrost. At some sites, a lack of ground truth information inhibited modelling 
and seemingly unrealistic estimates of permafrost are interpreted from the inversion 
results. The most effective modeling is that which is based on known lithology. 
Beyond doubt, however, further modeling with more sophisticated models will lead 
to improved fits to the data.
235
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APPENDIX B. PROGRAM S
B .l INTRODUCTION
The purpose of this appendix is to present the various programs written in 
the pursuit of interpreting TEM soundings and the alterations made in program 
NLSTCI (Anderson, 1982) primarily for the introduction of a complex conductivity 
to allow for IP effects.
The following sections give the programs RHOA, RESPONS, and IPVAX and 
explain the operation of the programs. Program RHOA was written in BASIC 
programming language for operation on an HP-85 computer. RHOA was written 
to compute the apparent resistivity and repeatability statistics for TEM sounding 
data, calculate the corrections to be applied to the sounding data for turnoff time, 
and plot the results. Program RESPONS was written in FORTRAN programming 
language for operations on a VAX-785 computer. RESPONS was written to com­
pute the step response for a set of data with a known driving function. Program 
IPVAX was originally FWDTCI written by Anderson as a latest version of program 
TCILOOP (see Anderson, 1981 for more details on the program operation) in FOR­
TRAN language for VAX-780 series computers. The program IPVAX introduces 
complex conductivity to Anderson’s FWDTCI to allow for induced polarization 
effects in the forward modeling of TEM soundings.
236
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B.2 PROGRAM  RHOA
Program RHOA expects data stored on tape cassettes to be compatible to 
the format used by Geonics. This format expects each data set to have a header 
line containing information on the date, site location, turnoff time, frequency of 
operation, current, receiver polarity, and the data type. Between the header line 
and various queries for information from the operator, the program has sufficient 
information to compute an apparent resistivity for the voltages measured at each 
gate. The format of the tape storage is such that the measured voltages follow the 
header line. RHOA interacts with the operator and asks for the name of the data 
set and what type of correction is desired.
The correction for ramp time turnoff assumes a decay o f the voltage received of 
t-5 / 2 as in Equation (2.36), this correction procedure which is used for most of the 
TEM sites is explained in Section 2.4. Those sites whose data were not mostly in 
late stage had to be corrected using the full field expression given by Equation (2.34) 
using an estimate of the resistivity of the half-space from the values of early stage 
resistivity from the data in the first 4 or 5 gates. This process is also described in 
Section 2.4. The program calculates the early time resistivity according to Equation 
(2.37). The sites reported in Chapter 4 were corrected using the full field expression.
In addition, the program will store the calculated results on magnetic tape 
and plot the data on an HP-7040 plotter, if desired. The calculation of the full 
field expression (Equation (2.34)) requires the evaluation o f the probability integral 
0 (u ) and it takes several minutes to compute the corrected apparent resistivity.
On the following pages are a print out of the program RHOA.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
238
10 ! ***** PROGRAM "RHOA" *****
15 PRINT 0 PRINT
20 PRINT "DATE IS 14 MAY 1985"
30 M2=l 0 M3=0 0 P=0 0 M5=0 
40 DIM V (24),R1(20),T (20),G 2 $ [50 
],G1$[50],W(20),G3$[50], P.2(20),R 
3(20) , T3 (20) , W1 (20) ,C(20) ,D(20)
50 DIM D 1 (20),R(20),T1(20),T2(20 
),W2(20),V5(20),V5 ( 2 0 ) ,V7(20),S9 
(20) ,E(20) ,E1 (20) ,U(20) ,K(20)
55 DIM M(20) ,S (20) ,W3 (20) ,R4 (20)
, S6 (20)
60 MAT W1=ZER0 MAT V5=ZER0 MAT V
6=ZER0 MAT V7=ZER0 MAT S9=ZER0 M
AT K=CON
70 MAT READ D1 ! DISTORTION FACT 
ORS FOR TURN ON AND EARLIER PULS 
ES
80 DATA 1,1,1,1,1,1,1,1,1,.9975, 
.998,.996,.994,.991,.985,.977,.9
62..944..918..881..832
90 MAT READ T ! GATE TIMES IN
SECONDS FOR 0.3 HZ
100 DATA 1,.00885,.011,.014,.017
7..022..028..0355..0443..0564..0 
716
110 DATA .0885,.11,.14,.178,.22,
.285,.355,.445,.564,.716
120 MAT READ C ! CORRECTION FOR
0.3 HZ RECEIVER LOOP ONLY
130 DATA 1,1,1,1,.994,.985,.97,.
955, .94,.92,.9,.88,.855,.836,.81
5..79..77..75..73..71..695 
140 R8=0 0 R6=0
150 R9$="N" 0 GOTO 170 
160 DISP "DO YOU ONLY WISH TO PL 
OT FILES? Y=YES" 0 INPUT R9$0 IF 
R9$="Y" THEN R8=l 0 GOTO 1240 
170 PRINT "PROGRAM 'RHOA' " 0 PR 
INT
180 DISP "THIS PROGRAM COMPUTES 
APPARENT RESISTIVITY "
190 ! Ll=2 0 R5=l 0 GOTO 220
200 DISP "WHAT TYPE OF CORRECTIO
N DO YOU WISH?: 0=NONE
1=RAMP ONLY " 
210 DISP " 2=RAMP AND PUL
SE TURN ON(AND EARLIER PULSES) 
USE 0 FOR EARLY " 0 INPUT R5 
250 R4=2.5 0 Ll=2
260 R4=2.5 0 IF Ll\#l THEN PRINT
"COMPUTED FOR ";R4;" DECAY"
290 IF R5=0 THEN PRINT "NO CORRE 
CTIONS" 0 MAT D1=CON0 MAT D=CON0 
GOTO 320
300 IF R5=l THEN PRINT "CORRECTE 
D FOR RAMP ONLY" 0 MAT D1=CON0 G 
OTO 320
310 IF R5=2 THEN PRINT "CORRECTE 
D FOR RAMP AND EARLY PULSES" 0 G 
OTO 320
320 DISP "WHAT IS TRANSMITTER CU 
RRENT IN AMPS? DEFAULT IS [20]"
0 ON ERROR GOTO 340 0 INPUT 10
330 OFF ERROR 0 GOTO 360
340 OFF ERROR 0 10=20
350 PRINT "CURRENT IS ";I0;" AMP
ERES"
360 DISP "WHAT IS LENGTH OF TRAN 
SMITTER LOOP SIDE IN METERS? [10
0]" 0 ON ERROR GOTO 380 0 INPUT 
L
370 OFF ERROR 0 GOTO 390 
380 OFF ERROR 0 L=100 
390 R=L/SQR(PI) 0 M=I0*L**2 
400 PRINT "FOR RADIUS ";R;" Mete 
rs" 0 PRINT " AND TX MOMENT OF 
";M;" AMP-m"
410 ! THE TRANSMITTER MOMENT IS 
M; R=RADIUS 
42C DISP "WHAT FILENAME FOR THE 
DATA SET?” 0 INPUT FS0 PRINT "DA 
TA FROM ";F$
430 ! DISP "WHAT IS RAMP TIME IN 
SECONDS?" 0 INPUT TO 
440 DISP "NOW INSERT TAPE CONTAI 
NING THE DATA AND PRESS CONT" 0 
PAUSE
450 IF R8\#0 THEN 490
460 DISP "FROM HOW MANY RECORDS?
” 0 INPUT D30 PRINT D3;” RECORD
S"
470 D4=l 0 ! DISP "STARTING FROM 
RECORD \#?" 0 INPUT D4 
480 DISP "BEGINNING AT RECORD "; 
D4
490 ASSIGN\# 2 TO F$
500 FOR J=D4 TO D3+D4-1 
510 READ\# 2,J;G1$,V()0 DISP "F 
ROM ";F$;" RECORD";J 0 DISP Gl$ 
520 N=VAL(G1$[29,29]) 0 IF J=D4 
THEN N1=N 
530 T0=V(21)*.001 
540 M1=MA (2/3) 0 G=2AN 
550 FOR 1=1 TO 20 
560 V (I)=V(I)/G ! ALLOWS AVERAGI 
NG DATA SETS WITH DIFFERENT GAIN 
SETTINGS,( VOLT AT RX LOOP )
570 V5(I)=V(I)A2 0 V6(I)=V6(I)+V 
5(1)
580 W1(I)=W1(I)+V(I) 0 V7(I)=W1(
1) *2
Figure B .l  Lines 10 through 580 of program RHOA used in ramp turnoff 
time correction.
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590 S9(I)=SQR((V6(I)-V7(I)/D3)/( 
D3-1))
600 NEXT I 
610 NEXT J
630 PRINT ”V(I) IS VOLTAGE INDUC 
ED IN RECEIVER COIL AND S9(I) IS 
THE STANDARD DEVIATION "
640 PRINT "I V(I) S9(I) "
650 FOR 1=1 TO 20
655 W1(I)=W1(I)/D3 ! AVERAGE IND
UCED VOLTAGE AT RX COIL
660 PRINT USING "DD,DDDD.DD,DDD.
DDDD" ; I,W1(I),S9 (I)
670 NEXT I
680 Cl=.019 @ A3=100
690 IF Gl$[27,27]="V" THEN A3=10
00 @ Cl=.088
700 PRINT "RX LOOP AREA IS ";A3 
0 PRINT "K FOR LOOP IS ”;C1 
710 IF M3>0 THEN GOTO 780
720 IF Gl$[27,27]= ”H" THEN F=.01
730 IF Gl$[27,27]="L” THEN F=.l
740 IF Gl $ [27,27]="V" THEN F=1
750 FOR 1=1 TO 20
760 T2 (I)=T(I)*F 0 NEXT I
770 IF R6=l THEN 1360
780 M1=MA (2/3) 0 G=2A (2*N/3)
790 DISP "PLEASE WAIT"
800 T1=0
810 IF F\#l THEN MAT C=CON ! CORR 
ECTION FOR 0.3 Hz ONLY 
820 PRINT "RAMP TIME IN SECONDS 
IS ";TO
8 3 0  0 7 = 0  0 0 8 = 0
832 04=1 ! ! CORRECT FOR RAMP HHS
835 IF 04=1 THEN GOSUB 2020
840 FOR 1=1 TO 20
850 IF R5=0 THEN 880
860 D(I) = (1/T0)*(1/(1-R4))*((T2(
I) +T0) " (1-R4)*T2(I)AR4-T2 (I))
865 ! RAMP TIME CORRECTION
FACTORS FOR T A2.5 DECAY
880 T2(I)=T2(I)-T1 0 T3(I)=INT(1
0000*SQR(T2(I)))/I0000 ! T3 ARRA
Y IS TIME FOR SQR(T) PLOTS
890 W2(I)=W1(I)*K (I)/ (C(I)*D1(I)
) ! W2 IS CORRECTED INDUCED VOLT
AGE (MILLIVOLTS) FOR RHOHHS 
895 W3(I)=W1(I)/ (D (I)*C (I)*D1(I)
) ! W3 IS CORRECTED INDUCED VOLT
AGE (MILLIVOLTS) FOR DECAY 
900 ! K(I) ARE CORRECTIONS FOR H 
ALF SPACE, D (I) CORRECTIONS FOR 
DECAY, D1(I) FOR 0.3 HZ COIL.
910 R3(I)=C1*M1/(ABS(W2(I) ) A (2/3 
)* (T2 (I)*1000)A (5/3)) ! THIS IS 
LATE STAGE RHOA FOR HHS
915 R 4 (I)=C1*M1/ (ABS(W3(I))*(2/3 
) * (T2(I)*1000)A (5/3)) ! THIS IS 
LATE STAGE RHOA FOR -5/2 DECAY 
917 S6 (I)=R3(I)*2*S9(I)/ (3*W1(I)
)
920 T6=SQR(2*PI*10A7*T2(I)*R3(I)
)/R ! THIS IS PARAMETER USED TO
DETERMINE EARLY-LATE STAGE .
930 IF 07=1 THEN 950
940 IF T6<2 THEN PRINT "EARLY ST
AGE PRIOR TO GATE ";I 0 07=1
950 IF 08=1 THEN 970
960 IF T6>10 THEN PRINT "LATE ST
AGE FROM GATE ";I 0 08=1
970 R2(I)=INT(ABS(W1(I))*PI*RA5/
(3*M*5210))/1000 ! R2 IS EARLY T
IME RHOA
980 W1(I)=INT(100*W1(I))/100 
990 NEXT I
1000 PRINT "GATE RHO RHO
RHO "
1005 PRINT " EARLY HHS
DECAY HHS"
1010 FOR 1=1 TO 20 .
1020 PRINT USING "DD,DDDD.DD,DDD 
DD.DD,DDDDD.DD,DDD.DD" ; I,R2(I)
, R3(I) , R4(I),S6 (I)
1030 NEXT I
1040 DISP "END OF COMPUTATION D 
O YOU WISH TO STORE REDUCED DATA 
IN A DATA FILE?”
1050 DISP "Y=YES” 0 INPUT B$
1060 IF B$="Y" THEN 1070 ELSE 12 
10
1070 !
1080 DISP "UNDER WHAT NAME AND R 
ECORD : FILENAME,RECORD?" 0 INPU 
T H$,D2
1090 R2=l 0 GOTO 1110 0 ! DISP " 
HAS THE FILE BEEN CREATED ALREAD 
Y? Y=YES" 0 INPUT R9$
1100 IF R9$="Y" THEN R2=l 
1110 PRINT "DATA STORED UNDER FI 
LE NAME ";H5;" RECORD ";D2 
1120 DISP "NOW INSERT TAPE TO CO 
NTAIN DATA AND PRESS CONT" 0 PAU 
SE
1130 IF R2=l THEN 1150 ! FLAG TH 
AT FILE HAS ALREADY BEEN CREATED
1140 CREATE H$,8,256
1150 IF R5=l THEN Gl$[l,4]=" R
II
1160 IF R5=2 THEN Gl$[l,4]=" RT 
1170 IF R5=0 THEN Gl$[l,4]=" *
II
1180 G l $ [30,30]="r" 0 ASSIGNX# 4 
TO H$ 0 R7-1
Figure B .I  (Continued) Lines 590 through 1180 of program RHOA used in 
ramp turnoff time correction.
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1190 PRINT\# 4,D2 ; G1$,R3()1200  !
1210  !
1220 IF R7=l THEN ASSIGN# A TO * 
1230 DISP "DO YOU WISH TO PLOT A 
NY FILES? Y=YES” @ INPUT R7S0 I 
F R7$\#"Y" THEN 2000 
1240 IF M5=l THEN D1=D1+1 @ GOTO 
1270
1250 DISP "WHAT FILENAME,RECORD 
DO YOU WISH TO PLOT" 0 INPUT F$, 
Dl@ M5=l
1260 DISP "INSURE THAT TAPE CONT 
AINING ";F$;" IS IN PLACE AND PR 
ESS CONT" 0 PAUSE 
1270 ASSIGN\# 2 TO F$
1280 READ\# 2, D1 ; G1S,V()0 DISP 
"FROM ";F$;" RECORD ";D1 6 DISP 
G 15,"THIS IS THE HEADER"
1290 IF G1S[27,27]="H" THEN F=.0 
1
1300 IF G1S[27,27]="L" THEN F=.l
1310 IF Gl$[27,27]="V" THEN F=1
1320 FOR 1=1 TO 20
1330 T2(I)=T(I)*F @ NEXT I
1340 R6=l 0 R8=2
1350 IF P>0 THEN 1780
1360 DISP "THIS PROGRAM PLOTS EM
37 APPARENT RESISTIVITY FILES"
1370 DISP "WHAT SCALES DO YOU WI
SH? A=1 TO 100 ; B=10 TO 1000 ;
C=100 TO 10000" 0 INPUT 2$
1380 PLOTTER IS 705 @ P=0 
1390 LIMIT 0,160,0,190 
1400 LOCATE 20,96,20,95 
1410 Bl=.009 0 B2=l
1420 IF Z$="A" THEN Al=l 0 A2=l0
0
1430 IF ZS=”B" THEN Al=10 0 A2=l 
000
1440 IF Z$="C" THEN Al=100 0 A2= 
10000
1450 SCALE LOG(Bl),LOG(B2),LOG(A 
1) , LOG(A2)
1460 IF P>0 THEN 1780
1470 FOR Y=A1 TO A2/10 STEP Al
1480 XAXIS LOG(Y)
1490 IF RMD(Y,Al)\#0 THEN 1520 
1500 MOVE LOG(Bl),LOG(Y) 0 LORG 8
1510 LABEL USING "DDDDD,AA" ; Y, 
1520 NEXT Y
1530 FOR Y=2*A2/10 TO A2 STEP A2 
/10
1540 XAXIS LOG(Y)
1550 MOVE LOG(Bl),LOG(Y) 0 LORG 
8
1560 LABEL USING "DDDDD,AA" ; Y,M _ _ II
1570 NEXT Y •
1580 MOVE LOG(Bl* 11),LOG(Al*.55)
0 LORG 6 0 LDIR 0 
1590 LABEL "SQUARE ROOT OF TIME"
1600 MOVE LOG(Bl*.4),LOG(Al*10).
0 LORG 5 0 LDIR 0,1 
1610 LABEL "APPARENT RESISTIVITY 
(OHM-METERS)"
1620 FOR X=B1 TO .01 STEP .001 
1630 YAXIS LOG(X)
1640 MOVE LOG(X),LOG(Al*.85) 0 L
ORG 5 0 LDIR 0,1
1650 CSIZE 2
1660 LABEL X
1670 NEXT X
1680 FOR X = .02 TO .1 STEP .01 
1690 YAXIS LOG(X)
1700 MOVE LOG(X),LOG(Al*.85) 0 L 
ORG 5 0 LDIR 0,1 
1710 LABEL X 
1720 NEXT X
1730 FOR X = .2 TO 1 STEP .1 
1740 YAXIS LOG(X)
1750 MOVE LOG(X),LOG(Al*.9) 0 LO 
RG 5 0 LDIR 0,1 0 LABEL X 0 NEXT 
X
1760 MOVE LOG(Bl*2),LOG(A2*l.5) 
1770 CSIZE 10 0 LDIR 0 0 LABEL " 
FILES:"
1780 ! PEN 1
1790 DISP "PLACE DESIRED COLOR I
N RIGHT PEN HOLDER AND PRESS CON
T" 0 PAUSE
1800 PEN 2
1810 FOR 1=1 TO 20
1820 T3(I)=SQR(T2 (I))
1830 PLOT LOG(T3(I)),LOG(ABS (V (I 
) ) ■
18-10 NEXT I
1850 ON P+l GOTO 1860,1870,1880, 
1890,1900,1910,1920,1930,1940 
1860 MOVE L O G (.05),LOG(A2*1.8) 0 
GOTO 1950 
1870 MOVE LOG(.l),LOG(A2*1.8) 0 
GOTO 1950
1880 MOVE LOG (.3),LOG (A2*1.8) 0 
GCTO 1950
1890 MOVE L O G (.04),LOG(A2*1.2) 0 
GOTO 1950 
1900 MOVE LOG(.09),LOG(A2*1.2) 0 
GOTO 1950 
1910 MOVE L O G (.2),LOG(A2 *1.2) 0 
GOTO 1950
1920 MOVE L O G (.5),L O G (A2* 1.2) 0 
GOTO 1950
1930 MOVE L O G (.04),LOG(A2*2.2) 0 
GOTO 1950
Figure B .l (Continued) Lines 1190 through 1930 of program RHOA used 
in ramp turnoff time correction.
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1940 MOVE L O G (.2),L O G (A2*2.2) 0 
GOTO 1950
1950 CS1ZE 3 0 LABEL FS,D1;"," 
1960 PENUP
1970 DISP "DONE, DO YOU WISH TO 
PLOT ANOTHER ON THIS GRAPH? Y= 
YES" 0 INPUT W$
1980 IF W$\#"Y" THEN 2000 
1990 R6=0 0 R8=2 0 P=P+1 0 PEN 1 
0 GOTO 1240 
2000 MOVE L O G (.005),L O G (5) 0 DIS 
P "END"
2010 END 
2020  !
2030 F3=l
2040 DISP "THIS PROGRAM COMPUTES 
THE CORRECTION FACTORS FOR A HO 
MOGENEOUS HALF SPACE"
2050 DISP "HOW MANY DIVISIONS IN 
TO DO YOU WISH? DEFAULT IS 10" 
0 ON ERROR GOTO 2070 0 INPUT N 
2060 OFF ERROR 0 GOTO 2080 
2070 OFF ERROR 0 N=10 
2080 ! THE PROGRAM COMPUTES THE 
INTEGRAL VIA APPROX WITH A SUM O 
F SMALL RECTANGLES 
2090 PRINT "FOR ";N;" DIVISIONS•t
2100 ! DIM T (20) , S (20),T 1 (20),M ( 
20),E (20),E1(20), K (20),R(20) ,G$[ 
50] ,R1(20)
2110 DISP "WHAT IS RESISTIVITY O 
F GROUND?"
2120 DISP " DEFAULT IS 18.9 Ohm- 
rneters OR LAST ” 0 ON ERROR GOTO 
2140 0 INPUT R1 
2130 OFF ERROR 0 GOTO 2150 
2140 OFF ERROR 0 IF F3=0 THEN 21 
50 ELSE Rl=18.9
2150 PRINT "FOR EARTH OF ";R1;" 
ohm-meters"
2160 ! THIS PROGRAM ASSUMES RECE 
IVER LOOP MOMENT IS 5210 
2170 M2=5210
2180 A=3*I0*M2*Rl/R/'3 0 PRINT "A 
IS "; A
2190 B=R*SQR(2*PI/(Rl*10000000) ) 
0 PRINT "B IS ”;B 
2200 DISP "PROGRAM IS RUNNING!!!
2210 W=SQR(PI) 0 Z=SQR(2) 0 F6=l 
0 F7=l 
2230 ! COMPUTE S(I)
2235 ! STEP RESPONSE FOR HHS 
2270 FOR 1=1 TO 20 
2280 T=T2 (I) 0 U (I)=B/SQR(T) 0 U 
=U(I) 0 ! U IS VARIABLE IN ERROR 
FUNCTION (ERF)
2290 IF F6=0 THEN 2310 
2300 IF 2*PI/U>2 THEN'PRINT "*** 
EARLY STAGE AT GATE";I;" ***”
0 F6=0
2310 IF F7=0 THEN 2330
2320 IF 2*PI/U>10 THEN PRINT ”**
* LATE STAGE AT GATE ”;I;" ***"
0 F7=0 ■
2330 F1=EXP (-(U"2/2) ) 0 ! FI IS 
MULTIPLIER FOR ERF 
2340 El(I)=SQR(2)*F1* (U+U^3/3)/W
2350 IF U/Z<=3 THEN 2370 
2360 IF U/Z>3 THEN 2440 
2370 Q0=0 0 F9=l 0 Q=U 
2380 FOR K=1 TO INF 
2390 F9=F9*K
2400 Q0= (-1) ~K*U~ (2*K+1) / ( (2*K+1 
)*F9*2AK) ! NEXT TERM IN SERIES
FOR ERF 
2410 Q=Q+Q0
2420 IF A3S(Q0)<.0000001 THEN 25 
10
2430 NEXT K
2440 Q0=0 0 F9=l 0 Q=l/U 
2450 FOR K=1 TO INF 
2460 F9=F9*(2* (K-l)+1)
2470 Q0= (-1) ,VK*F9/U/'(2*K+1) ! NE
XT TERM IN SERIES FOR ERF(U) WIT 
H U>3
2480 Q=Q+Q0
2490 IF ABS(Q0)<=.0001 THEN 2520 
2500 NEXT K
2510 E(I)=Z*Q/W 0 GOTO 2530 ! TH 
IS IS ERF(U) FOR U<3 
2520 E(I)=1-Z*F1*Q/W 0 ! THIS IS 
ERF(U) FOR U>3 
2530 S(I)=A*(E(I)-El (I)) 0 ! DIS 
P E (I),U ! S IS TOTAL FIELD AT G 
ATE
2540 NEXT I
2550 ! NOW COMPUTE THE INTEGRAL 
FOR M(I) WHERE M(I) = (1/T0)*INTEG ■ 
RAL FROM GATE TIME TO GATE TIME 
2560 ! PLUS TO OF:S(t)dt APPROX 
THE INTEGRAL WITH N DIVISIONS US 
ING S EVALUATED AT MIDPOINT 
2580 ! FINDING M(I)
2600 PRINT "COMPUTED CORRECTIONS 
ARE: GATE U(I) S (I) Mi
I) K (I) "
2610 FOR 1=1 TO 20
2620 M(I)=0
2630 FOR J=1 TO N
2640 T=T2(I)+T0* (J-.5)/N 0 U=B/S
QR(T) 0 !
2650 F1=EXP(-(U*2/2)) 0 F2=SQR(F 
1)
Figure B .I  (Continued) Lines 1940 through 2650 of program RHOA used 
in ramp turnoff time correction.
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2660 Z=SQR(2)
2670 Q1=Z*F1* (U+IT3/3)/W 
2680 IF U/Z<=3 THEN 2700 
2690 IF U/Z>3 THEN 2780 
2700 Q0=0 0 F9=l 9 Q=U 
2710 FOR K=1 TO INF 
2720 F9=F9*K
2730 Q0=(-1) /'K*UA (2*K+1) / ( (2*K+1 
)*F9*2*K) ! NEXT TERM IN SERIES
FOR ERF 
2740 Q=Q+Q0
2750 IF ABS(Q0)<.0000001 THEN 28 
60
2760 !
2770 NEXT K
2780 Q0=0 0 F9=l 0 Q=l/U 
2790 FOR K=1 TO INF 
2800 F9~F9* (2*(K-l)+1)
2810 Q0=<-1)AK*F9/U~(2*K+1) ! NE
XT TERM IN SERIES FOR ERF(U) WIT 
H U>3
2820 Q=Q+Q0
2830 IF ABS(Q0)<=.0001 THEN 2850 
2840 NEXT K
2850 Q=1-Z*F1*Q/W @ GOTO 2870 0 
! FOR U>3
2860 Q=Z*Q/W ! FOR U<3
2870 S=A*(Q-Ql) 0 ! DISP Q,U ! V
ALUE AT MIDPOINT
2880 M (I)= M (I)+S/N ! THIS IS APP
ROX FOR INTEGRAL
2890 K (I)=S(I)/M(I)
2900 NEXT J
2910 PRINT I;INT (1000*U(I))/1000 
;INT(10 0 0 * S(I))/1000;INT(1000*M(
I))/1000;INT (1000*K(I))/1000 
2920 NEXT I
29 30  ! n n w n n - k - k
2940 ! FACTORS K(I)
2950 RETURN
Figure B .I  (Continued) Lines 2660 through 2950 of program RHOA used 
in ramp turnoff time correction.
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B.3 PROGRAM RESPONS
This program computes the step response from a set of data with a known 
driving function. This program is applicable for sets of data which axe ill behaved 
e.g. data with sign changes. This type of data cannot be corrected by the program 
RHOA since the data does not decay as t~5/2 nor can the full field expression be 
used.
RESPONS fits the data with a cubic spline and produces a new data set which 
is equally spaced in time and has more points per decade in time. This makes the 
the convolution process more straightforward. The new data set are deconvolved 
using the known drive function to find the impulse response function. The impulse 
response function is then convolved with a step function to produce the desired 
step response.
The following pages give a print out of program RESPONS.
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C WRITTEN BY GERALD WALKER, THIS PROGRAM COMPUTES THE STEP RESPONSE 
C FOR A SET OF DATA WITH A KNOWN DRIVING FUNCTION 
PARAMETER MLM-691, MDIM=20, NR=100
DIMENSION X(MDIM), Y(MDIM), R(MLM+NR), H(MLM), DER(2), XX(MLM), YY(MLM),
O S(MDIM), A(MDIM), B(MDIM), C(MDIM), P(MDIM), Hl(MLM+NR), RS(MLM-*-NR),
Q ERR'MLM), RS2(MLM-t-NR), R2(MLM+NR), UNIT(MLM+NR), STEPR1(MLM+NR),
O STEPR2(MLM+NR), YYl(MLM)
DATA DER/O., 0./
M1-MLM+2BNR
M-MDIM
NRl*79
NR2-32
C READ INPUT DATA 
DO I I 1-1, M 
READ(14, Y(I)
II CONTINUE 
C
C FIT INPUT DATA Y(I) WITH CUBIC SPLINE 
CALL SPLIN1(M, 0.0, X, Y, A, B, C, 0, DER, P, S)
C
C NOW FIND VALUES FOR DATA AT EqU A L TIM E INCREM ENTS YY(I) AT XX(I)
CALL SPOINTM(M, X, Y, A, B, C, XX, YY, MLM)
DO 70 1*1, 2070 W RITE(6, *)XX(I), YY(I)
C
C DEFINE THE STEP FUNCTION UNIT(I)
DO 60 1*1, MLM+NR 
60 UNIT(I)=1.C
C DEFINE THE DRIVE FUNCTION Rl
RNR*l.*NRl
WRITE(9, *)
DO 20 1=1, NRl 
R(I)=I/RNR20 CONTINUEDO 21 I* N R l. M LM +NRl21 R (I)*1.CC DECONVOLVE TH E DRIVE FROM THE DATA YY TO FIND THE IMPULSE RESPONSE H(t) CALL DECONVO(MLM, YY, R, N R l. H)C
C CONVOLVE THE DRIVE WITH THE IMPULSE RESPONSE AS A CHECK 
CALL CONVOLV(MLM, YY, H. R, NRl, RS, Hi)
C
C FIND THE ERROR BETWEEN THE DATA YY(I) AND THE RESPONSE RS(I)
DO 23 I—1, MLM ER R(I)=YY(I)-RS(I)
23 CONTINUE .
C
C CONVOLVE THE DRIVE WITH THE STEP FUNCTION TO GET STEP RESPONSE 
CALL CONVOLV(MLM, YY, H, UNIT, NRl, STEPRl, Hi)
C
C DEFINE SECOND DRIVE FUNCTION R2(I)
Figure B .2 Program RESPONS used to find the step response for ill be­
haved TEM data using a convolution-deconvolution process.
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RNR2=NR2*1.DO 40 1 -1 , NR240 R 2(I)«I/R N R 2DO 4 1 1-N B 3, M LM +NR241 R 2(I)«1.CC READ TH E SECOND DATA SET DO SO 1-1 , M READ(11, *)X(I), Y(I)W RITE(6, *)X(I), Y(I)SO CONTINUE CC FIT INPUT DATA Y(I) W ITH CUBIC SPLINE CALL SPLIN l(M t 0.0, X, Y, A, B, C, 0, DER, P, S)CC NOW FIND VALUES FOR DATA AT EQUAL TIM E INCREMENTS YY(I) AT XX(I)CALL SPOINTM (M , X, Y, A, B, C, XX, Y Y l, MLM)CC DECONVOLVE THE DRIVE FROM THE DATA YY TO FIND TH E IMPULSE RESPONSE H(I) CALL DECONVO(MLM, Y Y l, R2, NR2, H)CC CONVOLVE T H E  SECOND IMPULSE FUNCTION W ITH STEP CALL CONVOLV(MLM, Y Yl, H, UNIT, NP.2, STEPR2, H i)CW RITE(6, *)*I DATA1 DATA2 ER RO R l STEPR2 a  STEP RESPONSE 1'DO 42 1 -1 , 4042 W RITE(6, 43)1, YY(I) , Y Y l(I), ERR(I), STEPR2(I), S T E P R l(I)43 FORMAT(2X, 14, 5(2X, E10.4))ENDC
cSUBROUTINE CONVOLV(MLM, YY, H. R, NR, RS, H i)C CONVOLUTION ROUTINE CONVOLVES INPUT FUNCTION R W ITH IMPULSE RESPONSE 
C BY GERALD WALKERDIMENSION X X l(l) , Y Y l(l), R(M LM +NR), RS(MLM+NR), H(MLM),9  H l(M LM +NR)C H i: EXTENDED ARRAY FOR CONVOLUTION EASE CC INITIALIZE RS DO 4 1-1 , M LM +NR4 RS(I)«0.C EXTEND IM PULSE RESPONSE ARRAY W ITH ZEROS DO 1 ! ^ I ,  MLM 
H1(I)-H(Q I CONTINUE DO 5 1*1, NR5 H l(M L M + I)-0 .C COM PUTE CONVOLUTION PRODUCT RS DO 2 1=1, M LM +NR DO 3 J » l ,  I R Sl=*R (J)*H l(I-J+ l)
Figure B.2 (Continued) Program RESPONS used to find the step response 
for ill behaved TEM data using a convolution-deconvolution process.
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3 R S(I)=RS(I)+RS12 CONTINUERETURNENDCCSUBROUTINE DECONVOfMLM, YY, R, NR, H)DIMENSION YY(MLM), R(MLM-s-NR), H(MLM)REAL SUM •H (l)= Y Y (l)/R (l)DO 2 1=2, MLM SUM =0.0 DO 1 J - l ,  1-11 SU M «SU M +H (J)*R (I-J+1)2 H (I)=(Y Y (I)-SU M )/R(1)C W n n E (6 , =) I, E (I)RETURNENDCCSUBROUTINE SPLIN l(M , H, X, Y, A. B, C, IT, D, P, S)C -O N E DIMENSIONAL CUBIC SPLINE C O EFFIC IEN T DETERMINATION.C BY W.L.ANDERSON, U.S. GEOLOGICAL SURVEY, DENVER, COLORADO CC PARMS— M = NUMBER OF DATA POINTS .GT. 2 C H = EQUAL INTERVAL OPTION W HEN H.GT.O. (USE DUMMY X HERE), C UNEQUAL INTERVALS IF H=0. (X REQUIRED STORAGE)C X = INDEP.VAR WHEN H=0. (DIM .GE. M).C Y -  DEPENDENT VARIABLE (DIM .GE. M).C A, B, C -C O E FF.A R R A Y S (EACH DIM .GE. M)C RESULTS ARE RETURNED IN lS T (M -l) ELEMENTS OF A, B, DC.C ALSO USED AS W ORK ARRAYS DURING EXECUTION.C IT =  T Y P E  O F BOUNDARY CONDITION SUPPLIED IN D ARRAY. USE C IT=L IF 1ST DERIVATIVES GIVEN AT END POINTS, OR C IT =0 IF 2ND DERIVATIVES GIVEN AT END POINTS.C D = BOUNDARY ARRAY (DIM 2) AT POINT 1 AND M RESPECTIVELY.C P, S=* W ORK ARRAYS (EACH DIM=M).C-ER RO R RETURN W ITH M=-(ABS(M )) IF  ANY PARM OUT OF RANGE. C THE RESULTING CUBIC SPLINE IS OF TH E FORM:C Y = Y (l)-rA (I)* (X -X (I))f B(I)*(X-X(I))**2+C(I)*(X-X(I))**3C FOR 1=1, 2 M -lCCREALM X (l), Y (l), A (l), B (l), C (l), D(2), P ( l) , S (l) , MUL IF(IT.LT.O.OR.IT.GT.1.0R.H.LT.O..OR.M.LT.3) GO TO 999 N=M-1IF(IT.EQ.O) GO TO 20C -1ST  DERIVATIVE BOUNDARIES GIVENN E =N -lIF(H) 999, 11, 1C-EQUAL SPACING H .GT. 0. AND IT=1 1 H H =3.0/H  DO 2 1=1, NE
Figure B .2 (Continued) Program RESPONS used to find the step response 
for ill behaved TEM data using a convolution-deconvolution process.
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B (I)=4.0C (I)=1.0
A.(H-1.02 P (I) -H H ‘ (Y (I+2).Y (I))P(1)=P(1)-D<1)P(N E)=P(N E )-D (2)C-SOLUTION OF TRIDIAGONAL MATRIX EQ. OF ORDER NE3 C(1)=C (1)/B (1)P (1 )= P (1 )/B (1 )DO 4 1 -2 , NEM UL=1.0/(B(I)*A(I)*C(I-1))C { I)« M U fC (I )4 P (I)—M UL*(P(I)-A(I)*P(I-1))C-OBTAIN SPLINE C O EFFIC IEN TS A (N E + IT )=P (N E )I—NE-15 A (I+ lT )= P (I)-C (I)* A (I+ IT + l)
I—[-1IF (I.G E .l) GO TO 5 IF(IT.EQ.O) GO TO 8 A(1)=D(1)A (M )-D (2)6  IF(H.EQ O.) GO TO 14 H H -1 .0 /HDO 7 1 -1 , NMUL—HH*(Y(I+1)-Y(I))
BlIJ-HH'fS.O^MUL-tAtl-i-l^.O'Atl)))7  C(I)-H H *H H *(-2 .0*M U L+A (I+1)+A (I))RETURNC-UNEQUAL SPACING H =0.. AND IT =111 DO 12 1=1, N12 S (I+ 1)-X (I+ 1 )-X (I)DO 13 1=1, NE B (I)= 2 .0*(S (I+ l)+ S (I+ 2))C (I)=S (I+1)A (I)=S(I+2)13 P(I)=3.0*(S(I+ l)**2*(Y (I+2)-Y (I-f-ll)-rS{I+2)**2*(Y (I+ l).Y (I)))/ 9  (S(IJ-l)*S(I+2))P (t)= P (l)-S (3 )* D (l)P(NE)=P(N E)-S(N )*D (2)GO TO 314 DO 15 1=1, N H H =1.0/S(I+1)M UL=(Y(I+1)-Y(I))*HH**2B (I)=3.0*M UL-(A(I+1)+2.0*A(I))*HH15 C(I)=-2.0*M U L*HH +(A (I+l)-hA(I))*H H **2 RETURNC-2N D  DERIVATIVE BOUNDARIES GIVEN20 N E -N + 1  IF(H) 999, 31, 21C-EQUAL SPACING H GT. 0 AND IT = 021 K K -3 .0 /H  DO 22 1=2, N
Figure B.2 - (Continued) Program RESPONS used to find the step 
for ill behaved TEM data using a convolution-deconvolution process.
response
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
IB (I)-4 .0C (I)=1.0A (I)=1.022 P (I)-H H *(Y (I+1)-Y (I-1))B(l)=»2.0B (N E )-2 .0C ( l ) -1 .0C (N E )-1 .0A (N E )-l.OP(l)=HH*(Y(2)-Y(1))-0.5*H*D(1)P (N E )—HH*(Y(M)-Y(N))+0.5*H*D(2)GO TO 3C-UNEQUAL SPACING H -0  AND IT -032 S (I+ 1)«X (I+ 1)-X (I)N l-N -1DO 33 1 -1 , N1 B (I+ l)-2 .0 * (S (I+ l)+ S (I+ 2 ))C (I+ 1 )-S (I+ 1 )A (I+1)=S (I+ 2)33 P (I+ l)-3 .0 * (S (I+ l)* * 2 * (Y (I+ 2 )-Y (I+ l))+ S (I+ 2 )“ 2*(Y (I+ l).Y (I)))/* (S (I+ l)sS (i+2))B ( l ) -2 .0  B(N E)—2.0 C ( I ) - l .O  C (N E)—1.0P(N E)=3.0*(Y(M )-Y(N))/S(M )+0.5*S(M )*D (2)GO TO  3 999 M— IABS(M)RETURNENDSUBROUTINE SPOINTM (M , XS, YS, AS, 3S , CS, XX, YY, MLM)C -G IV EN  CUBIC SPLINE C O EFF’S A, B, C, AND M OBS.DATA ARRAYS X, Y C SPOINTM  EVALUATES TH E PIECEW ISE CUBIC SPLINE ORDINATE YY AT THE C ABSCISSAS XX, W HERE XX IS IN TH E CLOSED INTERVAL (X(L), X(M)).CC PARMS M -  NUMBER O F POINTS IN SPLINED DATA YS C Y S -  SPLINED DATA FROM SPLIN l (ORIGINAL DATA) SAMPLED AT XS C X S -  TIM E POINTS CORRESPONDING TO  DATA YS C AS, BS, CS ARE THE SPLINED C O EFFIC IEN TS FROM SPLINl C X X - NEW  TIM E POINTS EQUALLY SPACED IN TIM E, dt=10microaeeonds C Y Y - NEW VALUES OF DATA AT EQUAL TIM E SPACING C M L M - NUMBER O F POINTS IN NEW  ARRAYS CDIMENSION XS(M), YS(M), AS(M), BS(M), CS(M ), XX(MLM), YY(MLM)L - lDELTA—80.E-8 DO I 1=1, MLM D ELTA -DELTA+10.E-6 XX(I)=DELTA DO 2 K -L , M -l 
J-KIF (X X (I).LE.XS(K+1)) GOTO 32 CONTINUE
3 L -KZ=XX(I)-XS(J)YY(I)—Y S(J)+((C S(J)*Z+B S(J))*Z +A S(J))*ZI CONTINUERETURNEND
Figure B .2 (Continued) Program RESPONS used to find the step response 
for ill behaved TEM data using a convolution-deconvolution process.
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B.4 PROGRAM IPVAX
Alterations made in the program FWDTCI by Anderson (1981) to introduce 
induced polarization effects resulted in the new program name of IPVAX. On the 
following pages is a print out of the program IPVAX with the alterations from 
FWDTCI delineated with at least 4 asterisks (****) on the right hand side of the 
print out. The primary changes are for the introduction of the Cole-Cole parameters 
(in the program these are charge, cole, and tauO), the passing of common variables 
between subroutines expanded to include the new variables, the transformation 
of the conductivity to a complex parameter, and the actual computation of the 
complex conductivity using the Cole-Cole model of Chapter 5, Equation (5.5).
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****** WARMING ******* Tho following listing is not complete. Msny linos *»**
• ••••*••**•• from Program FWDTCI.VAX ire delated boro to bottor point out »*»*
• ••••*•**•* changos nocassary for a complox resistivity. *••*
C PROGRAM NAME IS NOW IP.VAX EDITED BY GERALD WALKER TO PRODUCE AN INDUCED »*** 
C POLARIZATION FROM A COMPLEX RESISTIVITY MODELLED WITH A COLE-COLE FORMULA »*** 
C ALTERATIONS FROM W. ANDERSON'S PROGRAM ARE NOTED WITH THE ASTERICKS: ** **»*
C 20 NOVEMBER 1986 UNIVERSITY OF ALASKA GEOPHYSICAL INSTITUTE »***
C FAIRBANKS, ALASKA 99775-0800 ****
C
C ORIGINALLY: <FWDTCI>: FORWARD TRANSIENT SOUNDINGS FOR 
C A CENTRAL INDUCTION LOOP SYSTEM OF RADIUS A>0.
C
C»* VAX-11/780 VERSION: 2/20/86 **
C
C— BY W.L.ANDERSON, U.S. GEOLOGICAL SURVEY, DENVER, COLORADO.
Cc*. ............. ................................... .
C REFERENCES:
C
C ANDERSON, W.L., 1982, NONLINEAR LEAST-SQUARES INVERSION OF 
C TRANSIENT SOUNDINGS FOR A CENTRAL INDUCTION LOOP SYSTEM:
C (PROGRAM NLSTCI): USGS OPEN-FILE REPT. 82-1129, 85 P.
C
C ----------, 1981, CALCULATION OF TRANSIENT SOUNDINGS FOR A
C CENTRAL INDUCTION LOOP SYSTEM: USGS OPEN-FILE REPT 81-1309.
C
C ----------, 1982, ADAPTIVE NONLINEAR LEAST-SQUARES SOLUTION FOR
C CONSTRAINED OR UNCONSTRAINED MINIMIZATION PROBLEMS ••
C (SUBPROGRAM NLSOL): USGS OPEN-FILE REPT. 82-68, 65 P.
C
C  , 1984, A  GENERAL INTERFACE FOR PRODUCING FORWARD
C SOLUTION PROGRAMS (SUBPROGRAM FWDSOL): USGS OPEN-FILE REPT.
C 84-348, 43 P.
Cc . . . . . . . . . . . . . . .       .................................
****** WARMING ******* Program linoa dolotod boro *********************
REAL FUNCTION HZLOOPIB2)
C— COSINE-TRANSFORM KERNEL FOR CENTRAL INDUCTION LOOP WITH 
C A>0,R»0, AND Z>*0.0.
C
DATA PI/3.141592653589793D0/ •»**
REAL SIG(IO),H (10),Z,PI,TAU 0(10), CHARGE(10), COLE(10) »***
COMPLEX ZHANKS, ZAC4,K2(10),KS1,ZFLD, COLEC, CSIG(10) , CHARGE1,ONE ****
COMMON/MODEL/K2,KS1,H,Z, A, R,KMAX, M
COMMON/COLEP/TAUO, CHARGE,COLE «**«
COMMON/PASS/ZAC4, ANORM,CURI,DC, SIG, B0, BM, SIG1, EPS, ISTEP 
COMMON/SPLN/XS(200),Y S (200),A S (200),BS(200) ,C S (200),NS,ISPLN 
EXTERNAL F3ZH
DATA ONE/(1.0,0.0) / »***
B-SQRT(B2)
IF(B.LT.BO) GO TO 3 
IF(B.GT.BM) GO TO 4 
IF(ISPLN.EQ•0) GO TO 10 
C— ISPLN-1 <NB>0 OPTION) INTERPOLATE PRE-SPLINED FREQ. FUNCTION
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CALL SPOINT(NS,XS,YS, AS, BS,CS,B,HZLOOP)
RETURN
10 F»(B/A)**2/(39.47841762E-7 *SIG1)
KS1=CMPLX(0.0,-7.895683523E-6*F)
DO 1 I-1,M
CHARGE1-CMPLX(CHARGE(I) ,0.0) **
COLEC-CMPLX(0.0,2*PI*F*TAU0(I))**COLE(I) **
CSIG(I)-CMPLX(SIG(I),0.0)* (COLEC+ONE)/ (ONE*(ONE-CHARGE!)*COLEC) **
1 K 2 (I)-KS1*CSIG(I) **
ZFLD»ANORM»ZHANKS(1,ANORM,F3ZH,EPS,LL, 1) + ZAC4 
ZFLD-CMPLX(CURI,0.0)* ZFLD 
HZLOOP-REAL(ZFLD) / DC 
RETURN
3 HZLOOP-1.0 
RETURN
4 HZLOOP— 0.0 
RETURN 
END
****** WARNING ******* program linas dalatad hara *********************
SUBROUTINE FCODE<Y, X,B,PRNT,F,IN,IDER)
C— FUNCT. EVAL. FOR 'NLSTCI'
C
C— PARAMETERS —
C Y» OBSERVED DEPENDENT VARIABLE ARRAY (DIM. N)
C X- OBSERVED INDEPENDENT VARIABLE ARRAY (DIM. N,5)
C B- CURRENT PARAMETER ARRAY ESTIMATES (DIM. K)
C PRNT- WORK AND PRINT ARRAY (DIM. 5)
C F» OUTPUT FUNCTION VALUE EVAL. FOR GIVEN Y,X,B AT OBS. IN
C IN- OBSERVATION NO. TO EVAL. F (1<-IN<-N)
C IDER- 0 IF ANALYTIC DERIVATIVES ARE USED LATER (PCODE CALLED)
C 1 IF ESTIMATED DERIVATIVES USED ONLY (PCODE NOT CALLED)
C (NOTE: CURRENTLY ONLY IDER-1 CAN BE USED; IDER-0 MAY BE ADDED LATER]
C
REAL*8 XO,XI,TV,FX1,SQPI, XL, XR 
PARAMETER (SQPI-1.7724538509O5516D0)
COMPLEX K 2 (10),KS1,C4,ZA,ZAC4
REAL Y (1) ,X (500,5) ,B(1) , PRNT (5) , SIG (10) , H (10) , DER (2) ,
1 BSAVE(20),W2 (200), APPRES(500),TAR(500,2),
2 T (500),VSAVE(500)
EXTERNAL HZLOOP,FCTCI 
COMMON/PASSER/TV,LATE
COMMON/PASS/ZAC4, ANORM, CURI, DC, SIG, B0, BM, SIG1, EPS, ISTEP 
COMMON/FPASS/AA,TMIN,TMAX,TO,TM,DB, BMTEST, TASY,TOFF,A3,
* Ml, M21,M2,JSPLN,NN,IFIRST,IOPT
COMMON/SPLN/XS(200),Y S (200),A S (200),B S (200),C S (200) , NS,ISPLN 
COMMON/MODEL/K2,KS1,H,Z,A,R,HMAX,M
COMMON/COLEP/TAUO,CHARGE,COLE *’
DATA DER/2*0.0/,XMU0/1.256637IE-6/
IF (IN.G T .1.OR.M .E Q .1) GO TO 20 
DO 10 J-2,M
IF (B (J) . E Q . B (J-l) ) CALL ERRMSGt'SOME SIG (J!-SIG ! J-l) ' , 4, 6. 16)
10 CONTINUE
20 DO 30 J-l,5
30 PRNT (J) -X (IN, J)
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IF(IN.GT.l) GO TO 800 
IF(IDER.EQ.l) GO TO B001 
35 SIG1=B(1)
RSIG1-1./SIG1 
HMAX=A 
. IF(M.EQ.l) GO TO 45
DO 40 J=1,M1 
H(J)=*B(M+J)
40 SIG (J) =B (J)
CALL MINMAX (H,Ml, HMIN, HMAX)
45 SIG(M)=B(M)
ANORM=A/HMAX
TCON=6.28318531E-7*SIGl*AA 
IF(JSPLN.EQ.0) GO TO 49 
C— GET PRE-SPLINED FREQ FUNCTION (NB>0 OPTION)
NS-0
TEM=B0/DB
ISPLN-0
46 TEM=TEM*DB
IF(TEM.GE.BMTEST) GO TO 47 
NS=NS+1
IF(NS.GT.200) CALL ERRMSG(' SPLINED NS>200 IN FCODE',3,6,16) 
XS (NS) =*TEM
YS (NS) =HZLOOP (TEM*TEM)
GO TO 46
47 CALL SPLIN1(NS,0.0,XS,YS,AS,BS,CS,0,DER,T,W2)
ISPLN-1
•* 49 T0=».S*TMIN/TCON
TM»TMAX/TCON
C** PRESET FOR POSSIBLE ASYMPTOTIC APPROXIMATION (IF TASY.NE.0.0) 
IF (TASY. NE .0.0) CALL SETASY <B, AA, M)
NEW=1
LATE=0     .......
C GET ENTIRE TRANSIENT FOR ALL REAL-TIME IN X(I,1), 1 = 1, NN,
C BEFORE APP.RES. CALC AND POSSIBLE ASYMPTOTIC APPROXIMATIONS. c . «         .
DO 70 1=1,NN 
T (I) =X (1,1) /TCON
IF(TASY,GT.0.0.AND.X (I,1).GE.TASY) GO TO 70 
C— GET TRANSIENT IMPULSE RESPONSE VIA LAGGED CONVOLUTION IN TIME. 
TRANS=.63 661977'RFLAGS(0,H2LOOP,EPS,TO,TM,T(I! , NEW) 
NEW=0 
VSAVE(I)=TRANS 
70 CONTINUE
****** WARNING * * * * * * *  Program linai dalatad hara * * • • * * * * * * • •
SUBROUTINE SUBZ(Y,X,B,PRNT,NPRNT,N,TITLE,IOUT)
C—  INITIALIZATION ROUTINE (CALLED ONCE)
C
C SUBZ IS CALLED BY NLSOL AFTER THE DATA Y(I),X(I,5> ARE READ.
C SUBZ CHECKS FOR DATA ERRORS, READS ADDITIONAL SINIT 
C PARAMETERS, AND LOADS SOME CONSTANTS IN COMMON STORAGE...
C
C— PARAMETERS —
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C Y,X,B,PRNT SAME AS IN SUBROUTINE FCODE.
C NPRNT- CONTROL PARAMETERS TO USE PRNT (NPRNT) ARRAY
C NPRNT REPRESENTS THE NO. X(I,NPRNT) VALUES
C N= NO. OBSERVATIONS GIVEN IN Y(N),X(N,5)
C TITLE- ALPHA TITLE ARRAY READ IN BY PGM IMSLMQ.
C IOUT— 1 IF UNIT 6 AND 16 PRINT FILES USED
C 0 IF ONLY UNIT 6 PRINT FILE USED.
C
CHARACTER*16 OPT(-l:2)
COMPLEX K2 (10) ,KS1, C4, ZA, ZAC4 
• CHARACTER*80 TITLE
REAL Y (1) , X (500, 5) , B (1) , PRNT (1) ,SIG(10) , H (10) , **»«•
3 TAU0(10),CHARGE(10) ,COLE(10) *****
COMMON/PASS/ZAC4,ANORM,CURI,DC,SIG,B0, BM,SIG1, EPS, ISTEP 
COMMON/FPASS/AA, TMIN, TMAX, TO, TM, DB, BMTEST, TASY, TOFF, A3,
& Ml, M21, M2, JSPLN, NN, I FIRST, IOPT 
COMMON/SPLN/FILL(1000),NS, ISPLN
COMMON/COLEP/TAUO, CHARGE, COLE *****
COMMON/MODEL/K2,KS1,H,Z,A,R,HMAX,M
NAMELIST/INIT/MM, A, Z,EPS,B0,BM,NB,ISTEP, IOPT, TASY,TOFF 
DATA ISUBZ/0/,OPT/'Y (I) ( V O L T S / A M P ) Y (I)/SIG1' , "
1 'APP.RES._1','APP,RES._2'/
IF(ISUBZ.NE.O) GO TO 10 
C--PRESET
WRITE(6,666)
665 FORMAT('0** FWDTCI IS RUNNING ... PRINT FILE IS FOR016.DAT'/)
••••*• WARNING ******* Program linaa dalatad hara *********************
SUBROUTINE FWDSOL(FCODE,SUBZ)
****** WARNING ******* Program linas dalatad hara *********************
CSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS
c
CHARACTER*80 TITLE 
CHARACTER*40 TITLES(4),XT,YT 
CHARACTER*132 LINE
COMMON/COLEP/TAUO,CHARGE,COLE *****
DIMENSION B (KDIM) , X (NDIM, MDIM) , Y (NDIM) , W (5) , XNX (NDIM) ,
1 SIG (10) ,RHO(10),H (9),TAU0(10),CHARGE(10),COLE <10), *****
2 YFWD(NDIM),XVAR(NDIM)
EQUIVALENCE (TITLES(1),XT), (TITLES(2),YT)
C"*
NAMELIST/FWD/MM, MODE, SIG, RHO, H, SHIFT, B,
1 XI,NX,XM,XNX,X2,X3,X4,IPLT,XT,YT,TAU0,CHARGE,COLE *****
NAMELIST/FWDO/MM,MODE,B,
1 XI,NX,XM,XNX,X2,X3,X4,IPLT,XT,YT 
DATA MODE/1/,IPLT/0/,XT/'X'/,YT/'Y'/, SHIFT/1.0/,
1 X2/1.0/,X3/1.0/,X4/1.0/
****** WARNING ******* Program linas dalatad hara *********************
CALL SUBZ(Y,X, B,W,NPRNT,N,TITLE. 1)
C  ......... ................
c
c WRITE SFWD ON FOR006 AND FOR016 
C
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C// WRITE(6,42) TITLE
42 FORMAT(' <FWDSOL>:',SX,A80/2X,'------ ’/)
WRITE(16,42) TITLE
OPEN(UNIT-98,STATUS3'SCRATCH')
IF(MODE.NE.0) THEN 
WRITE(98,FWD)
ELSE
WRITE(98,FWDO)
ENDIF
C--REFMT WRITE(98,NAMELIST) TO UNIT-6 AND 16 TO BREAK OUT ARRAY LISTS 
REWIND 98 
•9910 READ(98,9920,END-9940) LINE 
9920 FORMAT(A)
I»INDEX(LINE,'S'>
IF(I.NE.0) GO TO 9930 
I-INDEX(LINE,'=')
IF(I.NE.O) GO TO 9930 
LINE(11:)-LINE 
LINE(1:10) -' '
9930 CALL NONBLANK(LINE,I)
IF(I.EQ.O) 1-1 
C// WRITE(6,9920) LINE(l-.I)
WRITE(16,9920) LINE(1:1)
GO TO 9910 
9940 CLOSE(UNIT-98)
C I I  WRITE(6,44) TITLE
44 FORMAT('l<FWDSOL>:',5X,A<NB>//3X,'I' , 4X, 'X(I)',12X,'Y(I) ' /) 
WRITE(16,44) TITLE
IF(IPLT.GT.O) OPEN(UNIT-12, STATUS-'NEW', CARRIAGECONTROL-'LIST')
C
C NOW GET THE FORWARD SOLUTION VIA FCODE FOR I»1,N 
C
DO 1-1,N
CALL FCODE(Y,X,B,W,F,I,1) c ••**•*•*••*••*•«**•*•*•*«
C// WRITE (6, SO) I, X (1,1) , F
WRITE (14, 50) I, X (I, 1) , F 
50 FORMAT(IX,I3,2E16.8)
WRITE (16,50) I, X (1,1) , F 
YFWD(I)-F 
XVAR(I) -X(I, 1)
ENDDO
WRITE(14,441) TITLE 
441 FORMAT (' <IPFWDSOL>:' , 5X, A<NB»
IF(IPLT.EQ.O) GO TO 10
C
C PREPARE FOR012 FOR PLOT12 OUTPUT (IPLT>0)
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This appendix contains all the sounding data taken during two field seasons for the purpose of 
permafrost investigation. The following table gives the gate time in seconds for each gate at each 
transient repetition frequency.
A P P E N D IX  C: TRANSIENT SOUNDING DATA
FREQUENCY
H or 30 Hz L or 3 Hz V or 0.3 Hz
Gate
1 .000089 .00089 .0089
2 .000110 .00110 .0110
3 .000140 .00140 .0140
4 .000177 .00177 .0177
5 .000220 .00220 .0220
6 .000280 .00280 .0280
7 .000355 .00355 .0355
8 .000443 .00443 .0443
9 .000564 .00564 .0564
10 .000713 .00713 .0713
11 .000881 .00881 .0881
12 .001096 .01096 .1096
13 .001411 .01411 .1411
14 .001795 .01795 .1795
15 .002224 .02224 .2224
16 .002850 .02850 .2850
17 .003550 .03550 .3550
18 .004490 .04490 .4490
19 .005640 .05640 .5640
20 .007190 .07190 .7190
The sounding data in the subsequent tables are the raw data taken in the field. On the heading 
line for each data set is the site name, a four digit number for day and month, the year, the 
transmitter loop size and transmitter frequency, and the transmitter current. For instance:
Site BARTER 0509 1983 400 H 19.1A
means that Barter Island site was sounded on the fifth o f September, 1983 with a transmitter loop 
o f 400 meters on a side with a frequency of 30 Hertz and a current of 19.1 amperes. In frequencies, 
H stands for 30 Hertz, L stands for 3 Hertz, and V stands for 0.3 Hertz.
The next line gives the receiver gain and stack settings for each sounding. This line is labeled 
n / N  where n is the gain setting and N  is the stack setting. Note that two adjacent sounding 
columns have the same n / N  settings, but as discussed in the text, the sounding columns differ in 
receiver polarity. The next line with TO at the beginning gives the turnoff time in milliseconds for 
each sounding. The line labeled Gate simply gives the primary field strength for each sounding set. 
All subsequent lines are begun with the gate number. All the recorded numbers are in millivolts as 
displayed on the receiver console.
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APPENDIX  C: TRANSIENT SOUNDING DATA CONTINUED
Site BARTER 0509
n / N 3/8 3/8
TO .300 .300
Gate 597.0 596.0
1 4163.0 4158.0
2 3832.0 3849.0
3 3290.0 3302.0
4 2649.0 2626.0
5 1969.0 1976.0
6 1328.0 1327.0
7 847.0 848.0
8 536.0 536.0
9 334.0 332.0
10 213.0 210.0
11 151.5 154.4
12 105.0 107.4
13 68.2 70.0
14 44.1 45.7
15 29.4 31.3
16 18.5 20.6
17 11.4 13.4
18 7.1 8.8
19 3.8 5.7
20 1.8 3.8
Site BARTER 0509
n / N 6/12 6/12
TO .303 .303
Gate 3241.0 3134.0
1 4220.0 6158.0
2 2067.0 6147.0
3 1056.0 1948.0
4 601.0 902.0
5 375.0 507.0
6 239.0 297.0
7 143.0 167.0
8 92.0 102.0
9 55.0 64.0
10 33.0 41.0
11 27.0 25.3
12 17.6 16.8
13 11.1 10.3
14 7.2 6.4
15 4.8 4.2
16 3.5 2.3
17 2.2 1.4
18 1.6 0.8
19 1.1 0.3
20 0.8 0.1
1983 400 H 20A
2/8 2/8 2/10
.300 .300 .300
298.0 298.0 302.0
2040.0 2038.0 2044.0
1879.0 1868.0 1868.0
1604.0 1591.0 1591.0
1281.0 1276.0 1276.0
951.0 944.0 944.0
640.0 636.0 644.0
411.0 407.0 405.0
261.0 259.0 260.0
162.0 162.0 163.0
102.0 104.0 1G6.0
77.1 73.6 73.9
53.8 51.0 50.7
35.1 33.1 33.0
23.1 21.3 21.5
16.0 14.0 14.1
10.8 8.6 8.7
7.1 5.2 5.1
4.7 3.1 3.0
3.2 1.4 1.3
2.3 0.4 0.4
1983 400 L 20A
5/12 5/12
.303 .303
1918.0 1977.0
6160.0 6160.0
6177.0 3142.0
3470.0 7010.0
813.0 3978.0
371.0 778.0
193.0 309.0
100.0 138.0
57.0 75.0
35.0 40.0
22.0 21.0
12.3 17.6
8.1 10.9
4.7 6.7
2.8 4.3
1.7 2.9
0.5 2.4
0.2 1.6
0.0 1.3
-0.1 1.0
-0.2 0.8
2/10 3/10 3/10
.300 .300 .300
302.0 608.0 607.0
2036.0 4168.0 4161.0
1863.0 3811.0 3826.0
1586.0 3261.0 3274.0
1284.0 2658.0 2636.0
961.0 1992.0 2000.0
643.0 1338.0 1338.0
406.0 839.0 841.0
260.0 536.0 536.0
161.0 333.0 332.0
103.0 216.0 213.0
77.0 151.9 154.9
53.2 104.2 106.6
34.8 67.9 69.6
23.2 44.6 46.1
16.0 29.7 31.4
10.8 18.7 20.8
7.1 11.4 13.3
4.7 7.1 8.7
3.3 3.8 5.7
2.3 1.9 3.7
NWEI2 1984 400 H
0507 6/10 6/10
22A v a n  • 1 w .760
4917.0 5323.0
27.0 16.0
-18.0 -14.0
-53.0 -59.0
-91.0 -84.0
-114.0 -100.0
-113.0 -116.0
-112.0 -111.0
-94.0 -98.0
-74.0 -75.0
-51.0 -48.0
-32.7 -32.0
-13.8 -13.5
0.0 0.0
7.8 7.4
11.5 11.0
12.3 12.6
12.5 12.7
11.5 11.4
9.9 9.7
710.3 590.2
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Site BARTER 0509 1983 400 H 20A
n / N 3/8 3/8 2/8 2/8 2/10 2/10
TO .298 .298 .298 .298 .298 .298
Gate 602.0 600.0 300.0 300.0 304.0 303.0
1 4183.0 4168.0 2050.0 2039.0 2050.0 2047.0
2 3876.0 3841.0 1883.0 1879.0 1878.0 1869.0
3 3333.0 3302.0 1607.0 1606.0 1601.0 1591.0
4 > 2653.0 2661.0 1291.0 1282.0 1296.0 1294.0
5 2000.0 1979.0 956.0 953.0 972.0 966.0
6 1345.0 1333.0 644.0 641.0 651.0 648.0
7 858.0 850.0 411.0 411.0 411.0 407.0
8 541.0 538.0 262.0 260.0 262.0 261.0
9 334.0 334.0 164.0 161.0 162.0 163.0
10 211.0 213.0 105.0 102.0 104.0 106.0
11 155.1 151.3 73.9 76.6 77.4 73.8
12 107.7 105.0 51.3 53.3 53.3 50.7
13 69.9 68.2 33.3 34.7 34.9 33.0
14 45.6 44.1 21.5 22.7 23.2 21.5
15 31.1 29.5 14.2 15.7 16.0 14.1
16 20.5 18.5 8.7 10.6 10.8 8.6
17 13.2 11.5 5.3 6.9 7.0 5.1
18 8.6 7.2 3.2 4.6 4.7 3.0
19 5.5 3.9 1.5 3.1 3.2 1.3
20 3.6 2.0 0.5 2.2 2.2 0.4
Site NWEI1 2808 1983 400 H 20A
n / N 5/8 5/8 4/8 4/8 5/10 5/10 4/10 4/10
TO .319 .319 .319 .319 .319 .319 .319 .319
Gate 2488.0 2500.0 1255.0 1255.0 2553.0 2555.0 1280.0 1273.0
1 2177.0 2190.0 1072.0 1106.0 2305.0 2311.0 1102.0 1101.0
2 1412.0 1419.0 697.0 712.0 1466.0 1473.0 710.0 706.0
3 771.0 775.0 382.0 385.0 793.0 800.0 387.0 381.0
4 386.0 387.0 191.0 193.0 403.0 405.0 196.0 193.0
5 157.0 157.0 77.0 77.0 164.0 167.0 80.0 78.0
6 10.0 10.0 4.0 3.0 12.0 13.0 5.0 3.0
7 -60.0 -60.0 -29.0 -31.0 -61.0 -59.0 -29.0 -31.0
8 -80.0 -80.0 -39.0 -40.0 -81.0 -81.0 -40.0 -40.0
9 -70.0 -71.0 -35.0 -34.0 -70.0 -71.0 -35.0 -34.0
10 -46.0 -47.0 -23.0 -22.0 -46.0 -48.0 -24.0 -22.0
11 -26.2 -26.4 -12.4 -14.8 -28.7 -26.9 -12.6 -14.9
12 -8.9 -9.0 -3.9 -5.7 -10.4 -9.1 -3.9 -5.7
13 2.7 2.6 1.6 0.5 2.0 2.6 1.6 0.5
14 7.9 7.8 4.2 3.2 7.4 7.9 4.3 3.2
15 9.7 9.6 5.1 3.9 9.0 9.7 5.2 4.0
16 9.9 9.7 5.3 3.7 8.8 9.8 5.3 3.8
17 8.9 8.8 4.7 3.4 7.9 8.8 4.7 3.4
18 7.5 7.4 4.0 2.9 6.8 7.4 4.0 2.9
19 6.1 6.0 3.4 2.0 5.1 6.0 3.4 2.0
20 4.8 4.6 2.7 1.3 3.7 4.6 2.7 1.3
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Site WEST1 2309 1983 400 H 12.5A
n / N 4/8 4/8 5/8 5/8 5/10 5/10 4/10 4/10
TO .230 .230 .230 .230 .230 .230 .230 .230
Gate 796.0 795.0 1598.0 1602.0 1623.0 1621.0 809.0 802.0
1 1506.0 1506.0 3109.0 3129.0 3116.0 3097.0 1472.0 1460.0
2 1169.0 1176.0 2400.0 2398.0 2381.0 2384.0 1153.0 1138.0
3 818.0 826.0 1680.0 1675.0 1660.0 1664.0 811.0 797.0
4 602.0 606.0 1229.0 1229.0 1235.0 1234.0 604.0 597.0
5 451.0 456.0 922.0 918.0 932.0 934.0 459.0 452.0
6 335.0 336.0 680.0 680.0 688.0 685.0 337.0 334.0
7 241.0 243.0 491.0 489.0 487.0 487.0 240.0 236.0
8 170.0 170.0 345.0 345.0 346.0 345.0 170.0 168.0
9 116.0 116.0 235.0 235.0 236.0 235.0 116.0 115.0
10 77.0 76.0 155.0 157.0 159.0 157.0 77.0 78.0
11 54.1 56.5 112.4 110.7 111.2 112.4 56.4 53.7
12 35.7 37.7 74.7 73.3 72.9 73.8 37.2 35.0
13 21.2 22.6 44.6 43.7 43.6 44.1 22.3 20.9
14 12.1 13.5 26.1 25.4 25.7 26.2 13.4 12.1
15 6.9 8.4 16.0 15.0 15.1 16.0 8.4 7.0
16 3.5 5.2 9.5 8.2 8.3 9.3 5.1 3.5
17 1.7 3.2 5.5 4.5 4.4 5.3 3.1 1.7
18 0.8 2.1 3.4 2.5 2.5 3.2 2.0 0.8
19 0.0 1.6 2.3 1.2 1.2 2.1 1.5 0.1
20 -0.1 1.3 1.6 0.5 0.5 1.4 1.2 0.0
Site WEST2 2309 1983 400 L 20A
/AT *•/ ‘ ’ 8/8 8/8 8/8
TO .325 .325 .325
Gate 5071.0 5051.0 5049.0 0.0
1 1231.0 1201.0 1232.0 0.0
2 857.0 826.0 860.0 0.0
3 524.0 500.0 533.0 0.0
4 331.0 288.0 321.0 0.0
5 208.0 181.0 216.0 0.0
6 140.0 109.0 145.0 0.0
7 91.0 59.0 97.0 0.0
8 66.0 35.0 73.0 0.0
9 54.0 16.0 56.0 0.0
10 44.0 6.0 45.0 0.0
11 48.6 -18.9 20.7 0.0
12 28.8 -9.7 30.8 0.0
13 24.5 -10.8 30.4 0.0
14 23.9 -15.5 25.4 0.0
15 18.0 -13.6 27.2 0.0
16 46.0 -40.5 1.6 0.0
17 34.3 -34.7 7.5 0.0
18 21.6 -28.9 14.1 0.0
19 13.9 -24.8 12.9 0.0
20 7.3 -21.7 11.2 0.0
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Site DEAD1 2208 1983 400 H 20.1 A
n / N 5/8 5/8 4/8 4/8 6/8 6/8 5/10 5/10
TO .318 .318 .318 .318 .318 .318 .318 .318
Gate 2553.0 2534.0 1276.0 1268.0 5062.0 4981.0 2589.0 2568.0
1 1747.0 1742.0 865.0 855.0 3489.0 3483.0 1733.0 1716.0
2 1345.0 1335.0 655.0 652.0 2724.0 2703.0 1326.0 1317.0
3 937.0 927.0 455.0 457.0 1889.0 1873.0 917.0 916.0
4 612.0 609.0 299.0 298.0 1234.0 1230.0 611.0 606.0
5 379.0 375.0 184.0 185.0 766.0 760.0 380.0 379.0
6 205.0 203.0 100.0 99.0 414.0 412.0 205.0 204.0
7 99.0 96.0 46.0 48.0 199.0 196.0 96.0 97.0
8 42.0 41.0 20.0 20.0 85.0 85.0 41.0 41.0
9 14.0 14.0 6.0 6.0 29.0 29.0 14.0 14.0
10 4.0 •5.0 2.0 1.0 9.0 11.0 5.0 3.0
11 4.7 2.7 0.7 2.9 8.4 7.0 2.9 4.7
12 4.7 3.1 1.0 2.9 8.5 7.6 3.2 4.6
13 4.6 3.6 1.4 2.6 8.7 8.3 3.7 4.5
14 4.1 3.3 1.2 2.4 7.7 7.5 3.4 4.1
15 3.6 2.6 0.8 2.2 6.6 6.2 2.7 3.6
16 3.0 1.7 0.4 1.9 5.3 4.5 1.8 3.0
17 2.2 1.1 0.1 1.5 3.9 3.3 1.2 2.2
18 1.6 0.7 0.0 1.1 2.8 2.4 0.8 1.6
19 1.4 0.2 -0.1 1.1 2.0 1.4 0.3 1.3
20 1.0 0.0 -0.3 0.9 1.4 0.9 0.0 1.0
Site DEAD2 2209 1983 400 H 20A
n / N 5/8 5/8 6/8 6/8 5/10 5/10 6/10 6/10
TO .315 .315 .315 .315 .315 .315 .315 .316
Gate 2538.0 2522.0 5025.0 4978.0 2581.0 2563.0 5088.0 5008.0
1 1786.0 1770.0 3577.0 3582.0 1789.0 1770.0 3587.0 3591.0
2 1432.0 1431.0 2901.0 2892.0 1433.0 1427.0 2905.0 2889.0
3 976.0 979.0 1980.0 1970.0 972.0 973.0 1974.0 1961.0
4 641.0 640.0 1295.0 1293.0 647.0 645.0 1308.0 1305.0
5 393.0 396.0 802.0 796.0 401.0 403.0 817.0 811.0
6 214.0 212.0 431.0 432.0 217.0 215.0 438.0 438.0
7 100.0 102.0 207.0 205.0 100.0 102.0 207.0 205.0
8 43.0 44.0 89.0 88.0 43.0 44.0 89.0 89.0
9 14.0 15.0 30.0 30.0 14.0 15.0 30.0 31.0
10 5.0 4.0 9.0 11.0 5.0 4.0 9.0 11.0
11 2.9 4.6 8.2 7.0 3.0 4.5 8.4 7.1
12 3.1 4.7 8.5 7.4 3.2 4.6 8.5 7.5
13 3.6 4.5 8.5 8.1 3.7 4.-5 8.7 8.2
14 3.3 4.1 7.7 7.4 3.4 4.1 7.9 7.5
15 2.5 3.6 6.6 5.9 2.6 3.6 6.7 6.1
16 1.7 2.9 5.1 4.4 1.8 2.9 5.3 4.6
17 1.1 2.2 3.8 3.2 1.2 2.2 3.8 3.3
18 0.7 1.6 2.6 2.2 0.8 1.5 2.7 2.3
19 0.2 1.3 1.9 1.3 0.2 1.2 2.0 1.4
20 0.0 1.0 1.3 0.7 0.0 0.9 1.4 0.8
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Site DEAD5 0705 1984 400 H 23A
n / N 6/10 6/10 6/10 6/10
TO .350 .350 .350 .350
Gate 4898.0 5322.0 4900.0 5322.0
1 7000.0 7000.0 7000.0 7000.0
2 7000.0 7000.0 7000.0 7000.0
3 7000.0 7000.0 7000.0 7000.0
4 7000.0 7000.0 7000.0 7000.0
5 7000.0 6027.0 7000.0 7000.0
6 5209.0 5129.0 4871.0 5029.0
7 1523.0 1490.0 1478.0 1480.0
8 558.0 548.0 543.0 545.0
9 170.0 166.0 166.0 166.0
10 37.0 41.0 36.0 40.0
11 13.6 13.3 13.4 13.3
12 8.1 8.1 8.0 8.1
13 9.1 9.0 9.0 9.1
14 9.5 8.3 9.4 8.3
15 8.2 7.1 8.1 7.2
16 5.3 6.3 5.3 6.3
17 3.8 5.0 3.8 5.0
18 3.2 3.0 3.2 3.1
19 2.2 2.0 2.2 2.0
20 -0.2 1.9 0.9 1.8
Site FRANKLIN 2109 1983 400 H 20A
n / N 4/8 4/8 3/8 3/8 5/8 5/8 4/10 4/10
TO .315 .315 .315 .315 .315 .315 .315 .315
Gate 1244.0 1237.0 621.0 619.0 2491.0 2479.0 1266.0 1259.0
1 1491.0 1471.0 700.0 700.0 3025.0 3005.0 1467.0 1472.0
2 986.0 982.0 473.0 467.0 2000.0 1999.0 975.0 971.0
3 616.0 618.0 303.0 295.0 1247.0 1250.0 614.0 606.0
4 439.0 440.0 218.0 214.0 885.0 885.0 443.0 440.0
5 360.0 364.0 182.0 177.0 725.0 729.0 371.0 365.0
6 323.0 321.0 160.0 160.0 647.0 645.0 326.0 325.0
7 286.0 287.0 143.0 141.0 575.0 575.0 287.0 283.0
8 243.0 242.0 121.0 120.0 488.0 487.0 244.0 242.0
9 195.0 194.0 97.0 96.0 391.0 391.0 196.0 194.0
10 149.0 148.0 74.0 74.0 300.0 298.0 151.0 151.0
11 118.5 119.7 60.5 58.3 238.3 239.2 120.9 118.6
12 88.9 90.2 45.7 43.6 179.0 180.0 90.0 88.0
13 61.4 62.4 31.6 30.1 123.9 124.4 62.4 61.0
14 41.5 42.4 21.6 20.2 84.0 84.5 43.1 41.9
15 28.4 29.6 15.2 13.7 57.9 58.7 30.0 28.7
16 18.3 19.6 10.2 8.6 37.6 38.6 19.9 18.4
17 11.3 12.6 6.6 5.1 23.7 24.5 12.6 11.3
18 70 8.0 4.3 3.0 14.8 15.5 8.1 7.0
19 3.7 5.0 2.9 1.3 8.4 9.4 5.1 3.7
20 1.9 3.1 1.8 0.4 4.7 5.7 3.2 1.9
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Site HAPPY 2009 1983 400 H 20A
n / N 5/8 5/8 4/8 4/8 5/10 5/10
TO .315 .315 .315 .315 .315 .315
Gate 2552.0 2532.0 1269.0 1266.0 2569.0 2561.0
1 2606.0 2594.0 1262.0 1263.0 2562.0 2550.0
2 2108.0 2085.0 1021.0 1027.0 2064.0 2043.0
3 1585.0 1566.0 768.0 777.0 1553.0 1535.0
4 1219.0 1209.0 595.0 599.0 1213.0 1204.0
5 954.0 943.0 465.0 470.0 959.0 949.0
6 739.0 735.0 364.0 364.0 740.0 737.0
7 578.0 573.0 283.0 285.0 570.0 565.0
8 447.0 443.0 219.0 220.0 444.0 441.0
9 334.0 332.0 164.0 165.0 332.0 330.0
10 242.0 242.0 120.0 119.0 244.0 244.0
11 187.7 185.4 91.5 93.5 187.4 185.1
12 136.0 134.0 66.0 67.9 134.2 132.2
13 90.3 89.1 43.8 45.2 89.5 88.2
14 59.7 58.8 28.8 30.0 60.1 59.1
15 41.3 40.2 19.5 20.9 41.4 40.2
16 27.3 26.1 12.5 14.0 27.4 26.2
17 17.7 16.6 7.8 9.2 17.5 16.4
18 ■ 11.4 10.6 4.9 6.0 11.3 10.5
19 7.1 6.0 2.5 3.9 7.1 6.0
20 4.5 3.4 1.3 2.6 4.4 3.4
Site GALBRAITH 1909 1983 400 H 20A
n / N 5/8 5/8 4/8 4/8 4/10 4/10
TO .315 .315 .315 .315 .315 .315
Gate 2472.0 2464.0 1242.0 1234.0 1252.0 1254.0
1 3319.0 3273.0 1617.0 1610.0 1608.0 1611.0
2 2345.0 2305.0 1141.0 1142.0 1134.0 1129.0
3 1476.0 1451.0 718.0 722.0 717.0 710.0
4 934.0 924.0 458.0 458.0 461.0 459.0
5 608.0 600.0 288.0 300.0 304.0 301.0
6 399.0 395.0 197.0 196.0 199.0 198.0
7 279.0 275.0 136.0 138.0 138.0 135.0
8 203.0 201.0 100.0 100.0 101.0 100.0
9 147.0 146.0 73.0 72.0 73.0 72.0
10 103.0 105.0 53.0 50.0 51.0 53.0
11 80.1 77.9 38.4 40.4 40.6 38.3
12 56.8 55.0 27.1 28.6 28.6 26.6
13 36.8 35.8 17.6 18.6 18.7 17.3
14 23.9 23.1 11.2 12.1 12.4 11.1
15 16.3 15.3 7.3 8.4 8.5 7.1
16 10.7 9.4 4.3 5.7 5.8 4.2
17 6.9 5.8 2.5 3.7 3.8 2.3
18 4.4 3.6 1.4 2.4 2.5 1.3
19 2.9 1.7 0.5 1.7 1.8 0.3
20 1.9 0.8 0.0 1.2 1.3 0.0
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Site CHANDALAR 1809 1983 200 H 20A
n / N  5/8 5/8 6/8 6/8 5/10 5/10
TO .175 .175 .175 .175 .175 .175
Gate 4989.0 5046.0 5045.0 5087.0 5060.0 5043.0
1 1913.0 1911.0 3878.0 3885.0 1927.0 1905.0
2 1359.0 1370.0 2781.0 2772.0 1367.0 1361.0
3 873.0 883.0 1789.0 1781.0 874.0 876.0
4 572.0 577.0 1167.0 1165.0 580.0 580.0
5 376.0 382.0 773.0 768.0 385.0 387.0
6 241.0 243.0 493.0 491.0 246.0 246.0
7 153.0 156.0 315.0 313.0 154.0 155.0
8 99.0 101.0 204.0 203.0 100.0 101.0
9 62.0 63.0 128.0 127.0 63.0 63.0
10 39.0 39.0 79.0 80.0 40.0 39.0
11 26.8 28.5 56.4 55.0 27.1 28.5
12 17.5 18.9 37.2 36.2 17.6 18.7
13 10.8 11.7 22.8 22.4 10.9 11.5
14 6.6 7.0 14.2 13.9 6.8 7.4
15 4.1 5.1 9.5 9.0 4.3 5.0
16 2.3 3.5 6.2 5.3 2.4 3.4
17 1.3 2,3 3.9 3.2 1.3 2.2
18 0.7 1.5 2.4 1.9 0.7 1.4
19 0.0 1.1 1.5 0.7 0.1 1.0
20 0.0 0.7 0.8 0.1 0.0 0.7
Site SLATE 1808 1983 100 H 20A
n / N  8/8 8/8 7/8 7/8 7/10 7/10
TO .095 .095 .095 .095 .095 .095
Gate 5114.0 5143.0 5080.0 5030.0 5045.0 5087.0
1 2245.0 2189.0 1034.0 995.0 946.0 937.0
2 1266.0 1276.0 608.0 602.0 586.0 589.0
3 680.0 691.0 326.0 328.0 319.0 315.0
4 363.0 376.0 175.0 177.0 175.0 172.0
5 194.0 205.0 93.0 97.0 97.0 92.0
6 97.0 100.0 46.0 46.0 45.0 46.0
7 43.0 49.0 20.0 21.0 21.0 19.0
8 16.0 21.0 8.0 8.0 8.0 8.0
9 4.0 5.0 1.0 0.0 1.0 1.0
10 0.0 - 1.0 - 1.0 0.0 0.0  0.0
11 -7.7 0.6 -2.6 -1.4 -1.3 -2.8
12 -8.1 -0.3 -3.2 -2.0 -1.7 -3.0
13 -7.9 -0.6 -2.8 -2.0 -1.9 -2.9
14 -7.4 -0.7 -2.5 -1.8 -1.8 -2.7
15 -6.3 -0.7 -2.4 -1.7 -1.4 -2.5
16 -5.3 -0.5 -2.1 -1.4 -1.2 -2.1
17 -4.8 -0.3 -1.7 -1.2 -1.0 -1.8
18 -3.7 -0.4 -1.4 -1.0 -0.9 -1.5
19 -4.1 0.6 -1.3 -0.7 -0.5 -1.5
20 -3.4 0.3 -1.1 -0.5 -0.3 -1.2
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Site COLDFOOT 1809 1983 100 H 20.1A
n / N 6/8 6/8 7/8 7/8 6/10 6/10
TO .095 .095 .095 .095 .095 .095
Gate 5083.0 5122.0 5097.0 5046.0 5061.0 5100.0
1 2442.0 2443.0 4828.0 4792.0 2426.0 2419.0
2 1798.0 1786.0 3550.0 3560.0 1792.0 1778.0
3 1247.0 1237.0 2469.0 2478.0 1245.0 1231.0
4 866.0 860.0 1714.0 1702.0 874.0 866.0
5 596.0 588.0 1175.0 1182.0 607.0 597.0
6 386.0 384.0 768.0 767.0 391.0 389.0
7 247.0 244.0 489.0 491.0 247.0 243.0
8 156.0 154.0 310.0 311.0 157.0 155.0
9 93.0 93.0 186.0 185.0 93.0 93.0
10 52.0 53.0 107.0 105.0 53.0 55.0
11 34.7 32.9 66.3 68.4 34.8 33.1
12 19.9 18.2 37.1 39.3 19.6 18.0
13 9.5 8.5 17.6 19.2 9.4 8.5
14 4.3 3.3 7.5 8.9 4.2 3.4
15 2.0 0.8 2.7 4.0 1.9 0.9
16 0.8 -0.3 0.2 1.3 0.6 -0.2
17 0.0 -0.8 -0.6 0.2 0.0 -0.8
18 -0.1 -0.9 -0.7 -0.3 -0.2 -0.9
19 0.0 -1.0 -1.1 -0.2 -0.1 -1.0
20 0.0 -1.0 -0.9 -0.3 -0.1 -1.0
Site BONANZA 1709 1983 100 H 20A
n / N 7/8 7/8 8/8 8/8 7/10 7/10
TO .095 .095 .095 .095 .095 .095
Gate 5045.0 5083.0 5061.0 5007.0 5022.0 5063.0
1 2378.0 2378.0 4719.0 4685.0 2338.0 2337.0
2 1722.0 1727.0 3463.0 3487.0 1728.0 1721.0
3 1201.0 1199.0 2413.0 2434.0 1203.0 1193.0
4 848.0 849.0 1704.0 1697.0 860.0 855.0
5 604.0 601.0 1210.0 1225.0 619.0 611.0
6 413.0 413.0 831.0 838.0 421.0 417.0
7 279.0 277.0 560.0 566.0 280.0 176.0
8 186.0 186.0 374.0 379.0 188.0 186.0
9 118.0 118.0 238.0 240.0 119.0 118.0
10 71.0 72.0 146.0 146.0 73.0 74.0
11 19.2 47.7 94.3 101.9 49.9 48.0
12 30.9 29.5 57.9 64.5 30.7 29.4
13 17.5 16.6 32.1 38.2 17.5 16.5
14 9.8 9.2 17.6 22.5 10.1 9.4
15 5.9 5.2 9.7 14.3 6.1 5.3
10 3.4 2.6 5.0 8.4 3.4 2.7
17 1.7 1.2 2.0 5.1 1.7 1.2
18 0.5 0.4 0.7 2.9 0.6 0.5
19 0.1 -0.2 -1.0 2.4 0.3 -0.1
20 0.0 -0.4 -1.1 1.4 0.0 -0.3
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Site OLDMAN 1709 1983 200 H 20.1A
n / N 6/8 6/8 5/8 5/8 6/10 6/10
TO .175 .175 .175 .175 .175 .175
Gate 5077.0 5022.0 5025.0 5046.0 5060.0 5018.0
1 2628.0 2591.0 1273.0 1273.0 2597.0 2572.0
2 1948.0 1947.0 960.0 953.0 1945.0 1942.0
3 1267.0 1269.0 627.0 618.0 1260.0 1262.0
4 852.0 850.0 420.0 416.0 857.0 855.0
5 570.0 572.0 283.0 278.0 579.0 581.0
6 375.0 375.0 186.0 183.0 379.0 379.0
7 245.0 245.0 122.0 119.0 243.0 244.0
8 162.0 162.0 80.0 79.0 162.0 162.0
9 103.0 103.0 51.0 50.0 103.0 103.0
10 65.0 63.0 31.0 32.0 66.0 64.0
11 44.0 45.0 22.8 21.5 44.4 45.2
12 27.9 28.5 14.6 13.6 27.8 28.4
13 15.9 16.3 8.4 7.8 16.0 16.3
14 8.9 9.2 4.8 4.3 9.0 9.2
15 4.8 5.2 2.9 2.3 5.0 5.4
16 2.2 2.9 1.8 0.9 2.3 3.0
17 0.9 1.4 1.0 0.3 1.0 1.4
18 0.2 0.6 0.6 0.0 0.3 0.6
19 -0.2 0.3 0.5 -0.2 -0.1 0.4
20 -0.3 0.1 0.4 -0.2 -0.2 0.1
Site OLDMAN 1709 1983 100 H 20A
n / N 7/8 7/8 8/8 8/8 7/10 7/10
TO .095 .095 .095 .095 .095 .095
Gate 5093.0 5023.0 5031.0 5073.0 5060.0 5020.0
1 2206.0 2134.0 4239.0 4167.0 2074.0 2066.0
2 1466.0 1446.0 2939.0 2909.0 1440.0 1451.0
3 915.0 908.0 1843.0 1825.0 898.0 907.0
4 588.0 584.0 1179.0 1171.0 586.0 591.0
5 379.0 378.0 770.0 756.0 381.0 386.0
6 238.0 127.0 481.0 476.0 239.0 240.0
7 149.0 149.0 303.0 298.0 147.0 148.0
8 95.0 94.0 193.0 191.0 95.0 95.0
9 58.0 57.0 118.0 118.0 59.0 58.0
10 35.0 34.0 71.0 72.0 36.0 35.0
11 22.9 24.3 51.3 44.2 23.6 24.2
12 13.6 14.8 32.3 26.1 13.8 14.7
13 7.0 7.9 18.6 12.6 7.3 7.8
14 3.2 3.9 10.3 5.5 3.6 4.0
15 -1.1 2.0 6.0 1.6 1.4 1.9
16 0.0 0.8 3.3 -0.3 0.1 0.7
17 -0.6 0.0 1.7 -1.5 -0.3 0.0
18 -0.7 -0.2 0.8 -1.6 -0.5 -0.2
19 -1.2 0.0 1.1 -2.6 -0.8 -0.1
20 -1.1 -0.1 0.6 -2.2 -0.8 -0.2
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Site FINGER 1609 1983 100 H 19.8A
n / N 7/8 7/8 6/8 6/8 7/10 7/10
TO .095 .095 .095 .095 .095 .095
Gate 5065.0 5008.0 5021.0 5066.0 5050.0 5010.0
1 2125.0 2088.0 1056.0 1062.0 2089.0 2063.0
2 1531.0 1531.0 774.0 771.0 1524.0 1524.0
3 1102.0 1104.0 557.0 552.0 1092.0 1095.0
4 797.0 795.0 401.0 400.0 803.0 801.0
5 569.0 572.0 288.0 284.0 577.0 580.0
6 398.0 398.0 200.0 198.0 401.0 401.0
7 274.0 276.0 139.0 137.0 273.0 274.0
8 192.0 191.0 96.0 95.0 192.0 191.0
9 129.0 129.0 65.0 64.0 129.0 129.0
10 87.0 86.0 42.0 43.0 89.0 87.0
11 62.9 64.2 32.6 31.2 63.4 64.8
12 43.6 44.3 22.4 21.4 43.1 43.8
13 27.4 27.9 14.0 13.4 27.4 27.8
14 16.7 17.3 8.5 8.2 17.2 17.6
15 10.4 10.9 5.5 5.0 10.6 11.1
16 6.0 6.7 3.4 2.6 6.1 6.7
17 3.3 3.6 2.0 1.2 4.1 3.8
18 1.8 1.9 1.1 0.5 2.0 2.0
19 0.5 1.2 0.6 0.0 0.9 1.1
20 0.0 0.6 0.3 -0.1 0.2 0.5
Site D78.1 3009 1983 100 H 20A
n / N 8/8 8/8 7/8 7/8 7/10 7/10
TO .096 .096 .096 .096 .096 .096
Gate 5055.0 5102.0 5079.0 5030.0 5047.0 5089.0
1 -630.0 -615.0 -293.0 -305.0 -306.0 -295.0
2 -552.0 -553.0 -262.0 -264.0 -264.0 -258.0
3 -158.0 -161.0 -74.0 -69.0 -70.0 -73.0
4 117.0 110.0 58.0 59.0 60.0 58.0
5 237.0 227.0 114.0 117.0 119.0 115.0
6 261.0 258.0 129.0 128.0 130.0 129.0
7 238.0 233.0 116.0 116.0 117.0 114.0
8 192.0 189.0 94.0 94.0 94.0 94.0
9 141.0 142.0 71.0 68.0 69.0 70.0
10 99.0 99.0 50.0 47.0 48.0 50.0
11 78.2 69.0 35.9 36.9 37.5 35.6
12 55.3 46.9 24.7 25.8 25.8 24.1
13 36.2 28.8 15.7 16.2 16.2 15.3
14 24.2 17.0 9.8 10.2 10.5 9.6
15 16.1 10.0 6.0 6.7 6.7 5.9
16 10.4 5.1 3.2 4.0 4.1 3.2
17 7.0 1.8 1.7 2.2 2.3 1.5
18 4.6 0.5 0.9 1.1 1.1 0.7
19 4.2 -1.2 0.0 0.8 0.7 0.0
20 3.1 -1.3 -0.1 0.4 0.3 -0.2
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A PPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site D78.10 3009 1983 100 H 20A
n / N 7/8 7/8
TO .096 .096
Gate 5065.0 5100.0
1 -281.0 -287.0
2 -244.0 -244.0
3 -58.0 -63.0
4 69.0 65.0
5 123.0 120.0
6 134.0 131.0
7 120.0 117.0
8 96.0 95.0
9 70.0 72.0
10 49.0 50.0
11 37.9 35.4
12 26.4 24.2
13 16.7 15.2
14 10.5 9.4
15 6.9 5.7
16 4.3 3.0
17 2.5 1.4
18 1.3 0.6
19 0.9 0.0
20 0.5 -0.1
Site YUKON 1609 1983 100 H 20A
n / N 6/8 6/8 7/8 7/8 7/10 7/10
TO .095 .095 .095 .095 .095 .095
Gate 5081.0 5013.0 5018.0 5062.0 5043.0 5005.0
1 2182.0 2161.0 4298.0 4300.0 4323.0 4278.0
2 1450.0 1456.0 2908.0 2888.0 2890.0 2889.0
3 879.0 884.0 1764.0 1751.0 1747.0 1747.0
4 552.0 555.0 1105.0 1100.0 1113.0 1109.0
5 353.0 360.0 716.0 707.0 721.0 726.0
6 225.0 224.0 448.0 448.0 454.0 452.0
7 142.0 143.0 286.0 285.0 285.0 284.0
8 93.0 93.0 187.0 186.0 188.0 187.0
9 59.0 59.0 118.0 118.0 119.0 118.0
10 36.0 36.0 73.0 73.0 75.0 74.0
11 24.9 25.4 50.7 50.2 50.6 50.8
12 15.1 15.9 31.8 31.1 31.0 31.6
13 8.0 8.6 17.4 16.7 16.8 17.3
14 3.8 4.3 8.9 8.4 8.6 9.0
15 1.5 2.3 4.6 4.0 4.0 4.5
16 0.1 0.9 1.8 1.4 1.4 1.9
17 -0.3 0.2 0.5 0.5 0.0 0.0
18 -0.6 0.0 -0.1 -0.4 -0.3 -0.1
19 -0.9 0.0 -0.2 -0.8 -0.8 -0.2
20 -0.8 -0.1 -0.3 -0.8 -0.8 -0.3
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Site D34.4 3009 1983 100 H 20A
n / N  6/8 6/8 7/8 7/8 7/10 7/10
TO .095 .095 .095 .095 .095 .095
Gate 5110.0 5039.0 5045.0 5095.0 5077.0 5036.0
1 2580.0 2553.0 5081.0 5084.0 5098.0 5059.0
2 1508.0 1507.0 2009.0 3002.0 3003.0 3000.0
3 808.0 811.0 1617.0 1614.0 1609.0 1608.0
4 436.0 437.0 873.0 872.0 881.0 880.0
5 233.0 236.0 471.0 468.0 477.0 479.0
6 115.0 117.0 234.0 233.0 236.0 237.0
7 55.0 57.0 114.0 112.0 112.0 113.0
8 27.0 27.0 56.0 56.0 57.0 56.0
9 13.0 12.0 26.0 28.0 28.0 26.0
10 6.0 5.0 12.0 14.0 14.0 12.0
11 3.1 4.7 8.9 7.3 7.4 9.1
12 1.5 2.6 5.2 3.8 3.9 5.3
13 0.6 1.2 2.7 1.9 2.0 2.7
14 0.0 0.5 1.3 0.5 0.8 1.5
15 -0.3 0.2 0.5 0.6 0.0 0.0
16 -0.7 0.2 0.2 -0.4 -0.2 0.3
17 -0.7 -0.5 -0.4 0.0 0.0 0.0
18 -0.7 -0.6 -0.5 -0.1 0.0 0.0
19 -0.9 -0.8 -0.7 0.0 0.0 0.0
20 -0.9 -0.8 -0.7 0.0 0.0 0.0
Site HESS 2909 1983 100 H 20A
n / N  6/8 :/8  7/S 7/8 6/10 6/10
TO .096 .096 .096 .096 .096 .096
Gate 5051.0 5091.0 5071.0 5018.0 5033.0 5074.0
1 2545.0 2543.0 4991.0 5012.0 2519.0 2512.0
2 1554.0 1550.0 3066.0 3109.0 1558.0 1552.0
3 901.0 895.0 1779.0 1802.0 903.0 895.0
4 541.0 539.0 1073.0 1082.0 548.0 546.0
5 335.0 332.0 663.0 671.0 343.0 339.0
6 201.0 198.0 396.0 402.0 205.0 201.0
7 120.0 118.0 237.0 240.0 120.0 118.0
8 72.0 72.0 144.0 145.0 73.0 72.0
9 40.0 41.0 84.0 83.0 41.0 42.0
10 22.0 23.0 47.0 46.0 23.0 24.0
11 15.2 13.6 27.9 30.4 15.5 13.7
12 8.5 7.4 15.6 17.1 8.6 7.4
13 3.9 3.3 7.2 8.2 4.0 3.3
14 1.5 1.1 2.9 3.5 1.6 1.2
15 0.5 0.0 0.6 1.3 0.6 0.0
16 0.0 -0.6 -0.4 0.2 0.1 -0.6
17 -0.1 -0.7 -0.8 -0.2 -0.1 -0.7
18 -0.3 -0.8 -0.8 -0.6 -0.2 -0.7
19 -0.2 -0.9 -1.1 -0.3 -0.1 -0.9
20 -0.2 -0.8 -1.0 -0.4 -0.1 -0.8
APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
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APPEN D IX  C: TRANSIENT  SOUNDING DATA CONTINUED
Site LIVENGOOD 1608 1983 100 H 20A
n / N 7/8 7/8 6/8 6/8 6/10 6/10
TO .095 .095 .095 .095 .095 .095
Gate 5065.0 5106.0 5081.0 5031.0 5047.0 5086.0
1 2899.0 2891.0 1467.0 1440.0 1439.0 1443.0
2 2282.0 2275.0 1152.0 1146.0 1140.0 1132.0
3 1711.0 1703.0 859.0 859.0 853.0 843.0
4 1289.0 1286.0 648.0 648.0 652.0 645.0
5 973.0 964.0 485.0 487.0 495.0 487.0
6 705.0 703.0 355.0 352.0 357.0 355.0
7 512.0 508.0 256.0 256.0 255.0 252.0
8 370.0 368.0 185.0 185.0 185.0 184.0
9 258.0 258.0 130.0 129.0 129.0 128.0
10 173.0 174.0 88.0 86.0 88.0 88.0
11 126.2 123.8 62.2 63.1 63.5 61.8
12 82.2 80.1 40.1 41.1 40.8 39.4
13 45.5 44.0 21.9 22.5 22.4 21.6
14 22.4 21.5 10.5 11.0 11.2 10.5
15 10.3 9.1 4.2 5.0 4.0 4.2
16 3.3 2.3 0.7 1.6 1.5 0.6
17 0.1 -0.4 -0.5 -0.6 0.0 0.0
18 -0.7 -1.2 -0.9 -0.3 -0.3 -0.9
19 -0.5 -1.4 -1.1 -0.2 -0.2 -1.1
20 -0.3 -1.2 -1.0 -0.1 -0.1 -1.0
Site E54.7 0209 1983 100 H 20A
n / N 8/8 8/8 7/8 7/8 7/10 7/10 8/10 8/10
TO .083 .083 .083 .083 .083 .083 .083 .083
Gate 5051.0 5080.0 5068.0 5028.0 5035.0 5074.0 5028.0 5057.0
1 -146.0 -167.0 -65.0 -69.0 -73.0 -69.0 392.0 397.0
2 -197.0 -198.0 -87.0 -90.0 -91.0 -87.0 272.0 280.0
3 -3.0 -10.0 0.1 -1.0 -0.0 -0.0 202.0 187.0
4 121.0 114.0 59.0 60.0 61.0 60.0 134.0 125.0
5 162.0 153.0 77.0 79.0 80.0 78.0 87.0 88.0
6 147.0 138.0 68.0 72.0 73.0 69.0 60.0 54.0 '
7 112.0 106.0 52.0 55.0 54.0 52.0 33.0 35.0
8 78.0 74.0 37.0 37.0 37.0 37.0 21.0 16.0
9 49.0 50.0 25.0 23.0 23.0 25.0 9.0 13.0
10 29.0 31.0 16.0 13.0 13.0 16.0 5.0 4.0
11 24.8 15.6 8.6 11.0 11.2 8.7 8.2 -1.8
12 15.2 7.8 4.5 6.3 6.3 4.5 6.0 -1.9
13 8.4 1.5 1.7 2.8 2.8 1.8 3.2 -2.2
14 4.7 -1.1 0.0 0.9 0.9 0.4 2.6 -2.9
15 2.5 -2.8 -0.5 0.3 0.1 -0.6 2.0 -2.4
16 1.3 -3.0 -1.1 -1.0 1.4 -2.1 0.0 0.0
17 0.9 -3.0 -1.1 -0.2 -0.3 -0.9 1.4 -1.9
18 0.5 -2.5 -0.9 -0.4 -0.5 -0.9 0.9 -1.4
19 1.4 -3.1 -1.0 -0.1 -0.2 -0.9 1.5 -2.0
20 1.0 -2.6 -0.9 -0.1 -0.2 -0.8 1.1 -1.5
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APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site E54.70
n / N 8/8
TO .095
Gate 5045.0
1 31.0
2 87.0
3 124.0
4 128.0
5 117.0
6 95.0
7 73.0
8 53.0
9 34.0
10 21.0
11 19.5
12 12.5
13 7.3
14 4.1
15 2.4
16 1.5
17 1.1
18 0.5
19 1.2
20 0.8
Site E54.71
n / N 7/8
TO .095
Gate 5095.0
1 -128.0
2 -122.0
3 -19.0
4 47.0
5 67.0
6 62.0
7 49.0
8 35.0
9 24.0
10 15.0
11 8.6
12 4.8
13 2.1
14 0.4
15 -0.2
16 -0.8
17 -0.9
18 -0.8
19 -1.1
20 -1.0
3008 1983
8/8 7/8
.095 .095
5086.0 5072.0
34.0 17.0
87.0 44.0
120.0 58.0
122.0 60.0
111.0 54.0
91.0 44.0
70.0 34.0
51.0 25.0
36.0 17.0
24.0 li.O
11.1 6.3
5.5 3.3
1.0 1.0
-0.9 0.0
-2.2 -0.7
-2.3 -1.1
-2.5 -1.1
-2.2 -1.1
-2.8 -1.2
-2.3 -1.1
3008 1983 .
7/8 8/8
.095 .095
5031.0 5034.0
-146.0 -343.0
-126.0 -265.0
-16.0 -44.0
46.0 92.0
68.0 139.0
64.0 130.0
50.0 103.0
35.0 73.0
22.0 46.0
12.0 29.0
10.9 23.5
6.3 15.0
3.0 8.5
1.2 4.5
0.4 2.8
0.0 1.2
0.0 0.9
-0.2 0.2
-0.1 0.9
-0.2 0.5
100 H 20A
7/8 7/10
.095 .095
5022.0 5038.0
18.0 17.0
42.0 43.0
62.0 62.0
62.0 63.0
56.0 57.0
46.0 47.0
35.0 35.0
25.0 25.0
15.0 15.0
8.0 8.0
8.0 8.3
4.8 4.8
2.2 2.1
0.7 0.7
-0.6 0.0
-1.0 0.0
-0.3 -0.2
-0.4 -0.4
0.0 -0.1
-0.2 -0.1
100 H 20A
8/8
.095
5075.0
-353.0
-266.0
-43.0
88.0
134.0
126.0
98.0
72.0
48.0
31.0
16.4
8.6
2.8
0.0
-1.5
-2.2
-2.2
-2.0
-2.5
-2.0
7/10
.095
5081.0
19.0
45.0
58.0
61.0
55.0
45.0
34.0
25.0
17.0
12.0
6.3
3.3 
1.2 0.0 
0.0 0.0 
- 1.1 
-0.9 
- 1.1 
- 1.0
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APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site WASH1 2009 1983 100 H 19.9A
n / N 7/8 7/8 8/8 8/8 8/10 8/10 7/10 7/10
TO .092 .092 .092 .092 .092 .092 .092 .092
Gate 5058.0 5096.0 5077.0 5025.0 5038.0 5081.0 5069.0 5028.0
1 1669.0 1668.0 3345.0 3309.0 3321.0 3332.0 1648.0 1630.0
2 1040.0 1032.0 2084.0 2076.0 2080.0 2076.0 1026.0 1023.0
3 627.0 616.0 1248.0 1252.0 1250.0 1241.0 613.0 617.0
4 391.0 386.0 780.0 788.0 797.0 787.0 390.0 392.0
5 253.0 246.0 497.0 508.0 518.0 507.0 251.0 255.0
6 152.0 148.0 301.0 307.0 311.0 305.0 151.0 153.0
7 88.0 85.0 171.0 178.0 178.0 172.0 85.0 87.0
8 49.0 48.0 97.0 100.0 101.0 96.0 48.0 48.0
9 23.0 25.0 50.0 50.0 50.0 50.0 25.0 23.0
10 10.0 11.0 23.0 23.0 24.0 24.0 11.0 10.0
11 6.8 4.5 7.9 17.0 16.9 8.1 4.8 6.8
12 3.0 1.0 0.5 8.7 8.7 0.7 1.2 2.8
13 0.3 -0.7 -3.4 3.8 3.8 -3.1 -0.6 0.3
14 -0.5 -1.4 -4.6 1.2 1.3 -4.5 -1.4 -0.5
15 -0.8 -1.9 -5.0 0.2 0.2 -4.9 -1.7 -0.9
16 -0.9 -1.9 -4.6 -0.2 -0.3 -4.5 -1.9 -0.9
17 -0.9 -1.7 -4.2 -0.3 -0.2 -4.1 -1.6 -1.0
18 -1.0 -1.4 -3.5 -0.5 -0.5 -3.3 -1.3 -0.9
19 -0.6 -1.4 -3.8 0.1 0.3 -3.6 -1.4 -0.6
20 -0.4 -1.2 -2.9 0.0 0.3 -2.8 -1.1 -0.4
Site WASH2 0209 1983 100 H 20A
n / N 7/8 7/8 8/8 8/8 8/10 8/10 7/10 7/10
TO .096 .096 .096 .096 .096 .096 .096 .096
Gate 5054.0 5085.0 5067.0 5016.0 5030.0 5073.0 5072.0 5024.0
1 2165.0 2135.0 4270.0 4184.0 4174.0 4216.0 2065.0 2031.0
2 1276.0 1267.0 2586.0 2573.0 2577.0 2585.0 1274.0 1267.0
3 747.0 740.0 1508.0 1506.0 1503.0 1500.0 740.0 741.0
4 460.0 455.0 926.0 928.0 940.0 933.0 462.0 461.0
5 293.0 287.0 586.0 591.0 604.0 595.0 294.0 297.0 .
6 177.0 173.0 354.0 358.0 363.0 357.0 176.0 178.0
7 103.0 100.0 205.0 209.0 209.0 204.0 100.0 102.0
8 57.0 57.0 117.0 120.0 120.0 117.0 58.0 58.0
9 29.0 31.0 82.0 61.0 62.0 62.0 31.0 29.0
10 13.0 16.0 32.0 30.0 31.0 32.0 16.0 14.0
11 9.5 7.5 14.3 21.8 22.2 14.2 7.8 9.7
12 4.8 3.3 5.5 13.0 12.7 5.6 3.5 4.8
13 2.0 0.9 0.7 7.0 6.7 0.8 1.0 2.0
14 0.5 -0.1 -1.4 4.0 3.8 -1.4 0.0 0.5
15 0.0 -0.5 -2.4 2.4 2.3 -2.3 -0.5 0.0
16 -0.1 -1.0 -2.2 1.5 1.2 -2.5 -0.9 -0.1
17 -0.3 -0.9 -2.3 1.1 0.8 -2.5 -0.9 -0.3
18 -0.4 -0.8 -1.9 0.6 0.3 -2.2 -0.9 -0.5
19 -0.2 -1.0 -2.5 1.4 1.1 -2.8 -1.0 -0.2
20 -0.3 -0.9 -1.9 1.0 0.7 -2.2 -0.9 -0.2
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Site VIRG1 0509 1983 100 H 20A
n / N  4/8 4/8 3/8 3/8 3/10 3/10
TO .095 .095 .095 .095 .095 .095
Gate 4610.0 4594.0 2303.0 2304.0 2342.0 2336.0
1 1704.0 2712.0 1287.0 1283.0 1295.0 1298.0
2 1770.0 1769.0 850.0 848.0 850.0 851.0
3 1071.0 1068.0 516.0 519.0 518.0 516.0
4 645.0 650.0 317.0 313.0 317.0 321.0
5 394.0 394.0 193.0 192.0 196.0 197.0
6 229.0 224.0 109.0 113.0 115.0 110.0
7 129.0 126.0 62.0 63.0 63.0 62.0
8 74.0 73.0 36.0 36.0 36.0 36.0
9 41.0 40.0 19.0 20.0 20.0 20.0
10 22.0 23.0 11.0 10.0 10.0 12.0
11 16.1 13.4 6.1 8.4 8.6 6.2
12 9.3 8.2 4.0 4.5 4.8 4.0
13 5.2 4.2 1.9 2.5 2.7 2.0
14 2.9 2.1 0.9 1.2 1.4 1.0
15 1.8 0.9 0.3 0.7 0.8 0.3
16 1.5 0.0 -0.2 0.6 0.7 -0.2
17 0.9 -0.1 -0.2 0.3 0.4 -0.2
18 0.7 -0.2 -0.2 0.1 0.2 -0.3
19 0.9 -0.4 -0.5 0.3 0.3 -0.5
20 0.8 -0.3 -0.4 0.2 0.2 -0.4
Site VIRG2 0508 1983 100 H 20A
n / N  4/8 4/8 3/8 3/8 3/10 3/10
TO .095 .095 .095 .095 .095 .095
Gate 4389.0 4404.0 2206.0 2202.0 2237.0 2235.0
1 2537.0 2529.0 1212.0 1218.0 1224.0 1213.0
2 1791.0 1792.0 866.0 866.0 866.0 862.0
3 1176.0 1179.0 574.0 571.0 570.0 570.0
4 770.0 767.0 374.0 376.0 380.0 377.0
5 496.0 497.0 244.0 242.0 247.0 248.0
6 299.0 301.0 149.0 146.0 148.0 150.0
7 172.0 174.0 86.0 83.0 83.0 85.0
8 96.0 97.0 48.0 47.0 47.0 48.0
9 48.0 50.0 24.0 23.0 24.0 24.0
10 23.0 23.0 10.0 11.0 12.0 10.0
11 11.9 13.9 7.5 5.3 5.5 7.4
12 5.7 6.8 3.7 2.4 2.6 3.6
13 2.3 3.1 1.8 0.8 0.9 1.7
14 0.8 1.4 0.9 0.1 0.3 0.8
15 0.1 0.9 0.7 0.6 0.0 0.0
16 -0.2 0.7 0.7 -0.4 -0.3 0.6
17 -0.3 0.5 0.5 -0.3 -0.3 0.4
18 -0.3 0.3 0.4 -0.3 -0.2 0.3
19 -0.5 0.5 0.6 -0.5 -0.4 0.5
20 -0.5 0.4 0.5 -0.4 -0.3 0.4
APPEN D IX  C: TRAN SIEN T  SOUNDING DATA CONTINUED
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPEN D IX  C: TRANSIENT  SOUNDING DATA CONTINUED
Site FARM1 0408 1983 100 H 20A
n / N 4/10 4/10 3/10 3/10 3/8 3/8
TO .095 .095 .095 .095 .095 .095
Gate 4324.0 4306.0 2173.0 2163.0 2136.0 2136.0
1 2324.0 2326.0 1109.0 1110.0 1109.0 1109.0
2 1526.0 1522.0 736.0 735.0 739.0 739.0
3 947.0 943.0 462.0 458.0 461.0 461.0
4 602.0 602.0 294.0 294.0 293.0 293.0
5 380.0 378.0 187.0 185.0 183.0 183.0
6 219.0 216.0 108.0 105.0 104.0 104.0
7 115.0 113.0 57.0 54.0 55.0 55.0
8 57.0 57.0 28.0 27.0 27.0 27.0
9 23.0 22.0 11.0 10.0 11.0 11.0
10 7.0 8.0 2.0 4.0 4.0 4.0
11 4.6 2.4 2.9 0.6 0.8 0.8
12 2.7 1.2 1.7 0.3 0.4 0.4
13 2.1 1.0 1.4 0.3 0.4 0.4
14 1.7 0.9 1.1 0.3 0.3 0.3
15 1.4 0.6 1.0 0.1 0.1 0.1
16 1.4 0.0 1.1 -0.1 -0.1 -0.1
17 1.1 0.0 0.9 -0.2 -0.2 -0.2
18 0.8 0.0 0.7 -0.2 -0.3 -0.3
19 0.9 -0.3 0.8 -0.4 -0.6 -0.6
20 0.6 -0.5 0.6 -0.4 -0.6 -0.6
Site FARM2 0209 1983 100 H 20A
n / N 4/8 4/8 5/8 5/8 5/10 5/10
TO .096 .096 .096 .096 .096 .096
Gate 4221.0 4224.0 5062.0 5100.0 5087.0 5045.0
1 1784.0 1776.0 3649.0 3606.0 3627.0 3620.0
2 1222.0 1222.0 2499.0 2460.0 2460.0 2467.0
3 776.0 779.0 1587.0 1559.0 1555.0 1564.0
4 495.0 495.0 1006.0 989.0 1000.0 1005.0
5 309.0 311.0 630.0 615.0 627.0 635.0
6 176.0 178.0 360.0 349.0 353.0 362.0
7 93.0 95.0 190.0 183.0 182.0 189.0
8 46.0 46.0 93.0 90.0 90.0 94.0
9 19.0 18.0 37.0 37.0 36.0 37.0
10 7.0 5.0 12.0 14.0 14.0 12.0
11 1.9 4.1 7.3 4.8 4.4 7.9
12 0.8 2.3 4.3 2.8 2.2 4.5
13 0.6 1.6 3.4 2.1 1.9 3.3
14 0.4 1.3 2.8 1.3 1.9 2.4
15 0.0 1.1 2.3 0.3 1.6 1.8
16 -0.4 1.1 1.7 0.1 0.9 1.6
17 -0.6 0.7 0.9 0.3 0.3 1.4
18 -0.4 0.4 0.5 0.0 0.1 1.2
19 -0.7 0.7 0.8 1.3 0.0 0.0
20 -0.5 0.7 0.9 -0.1 -0.4 1.5
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APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site FARM3 0209 1983 100 H 20A
n / N 4/8 4/8 3/8 3/8 4/10 4/10
TO .083 .083 .083 .083 .083 .083
Gate 4195.0 4218.0 2136.0 2125.0 4249.0 4257.0
1 3090.0 3109.0 1480.0 1472.0 3076.0 3080.0
2 1927.0 1944.0 941.0 928.0 1909.0 1922.0
3 1133.0 1138.0 559.0 547.0 1117.0 1130.0
4 680.0 679.0 332.0 330.0 678.0 683.0
5 402.0 403.0 195.0 196.0 405.0 407.0
6 215.0 214.0 102.0 106.0 216.0 214.0
7 104.0 103.0 48.0 52.0 103.0 101.0
8 47.0 44.0 20.0 24.0 47.0 45.0
9 17.0 14.0 6.0 9.0 17.0 14.0
10 6.0 3.0 0.0 3.0 6.0 3.0
11 2.1 3.5 2.2 0.5 1.4 3.4
12 1.5 2.8 1.9 0.1 0.7 2.5
13 1.5 2.3 1.6 0.1 0.7 2.1
14 1.3 2.0 1.3 0.0 0.6 1.8
15 0.9 1.8 1.1 0.0 0.3 1.5
16 0.5 1.6 1.0 -0.3 0.0 1.3
17 0.4 1.3 0.8 -0.4 0.0 0.9
18 0.0 1.3 0.5 -0.4 -0.1 0.51 -0.5 1.1 0.5 -0.7 -0.3 0.6
20 -0.7 0.8 0.4 -0.8 -0.3 0.4
Site FARM4 3108 1983 100 H 20A
n / N 4/8 4/8 5/8 5/8 5/10 5/10 4/10 4/10
TO .095 .095 .095 .095 .095 .095 .095 .095
Gate 4166.0 4170.0 5066.0 5096.0 5078.0 5037.0 4266.0 4247.0
1 2637.0 2623.0 5408.0 5464.0 5514.0 5489.0 2662.0 2667.0
2 1700.0 1698.0 3485.0 3488.0 3503.0 3507.0 1711.0 1706.0
3 1028.0 1031.0 2108.0 2090.0 2103.0 2107.0 1036.0 1028.0
4 628.0 631.0 1283,0 1271.0 1302.0 1293.0 643.0 639.0
5 375.0 382.0 783.0 762.0 792.0 792.0 393.0 386.0
6 201.0 210.0 431.0 418.0 434.0 432.0 217.0 208.0
7 97.0 106.0 216.0 210.0 215.0 213.0 108.0 101.0
8 43.0 49.0 99.0 99.0 102.0 99.0 50.0 47.0
9 15.0 17.0 36.0 38.0 39.0 36.0 18.0 17.0
10 6.0 4.0 9.0 13.0 14.0 10.0 5.0 6.0
11 1.6 3.7 6.5 4.1 5.2 7.1 4.4 2.1
12 1.3 2.4 4.0 2.6 3.3 5.0 3.1 1.6
13 1.3 1.8 3.2 2.7 3.1 4.5 2.7 1.6
14 1.2 1.5 2.3 2.7 2.7 4.1 2.4 1.4
15 0.8 1.1 1.9 1.7 1.9 3.7 2.2 0.9
16 0.3 1.0 2.2 0.8 1.1 3.5 2.2 0.4
17 0.1 0.7 1.8 0.5 0.6 3.3 1.9 0.3
18 0.0 0.5 1.0 0.3 0.1 2.2 1.3 0.0
19 -0.3 0.6 1.5 1.9 1.3 -0.5 0.0 0.0
20 -0.6 0.8 2.1 -0.2 -0.3 0.5 0.5 -0.6
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APPEN D IX  C: TRANSIENT  SOUNDING DATA CONTINUED
Site PEAT 0509 1983 100 H 19.5A
n / N 4/8 4/8 5/8 5/8 5/10 5/10
TO .098 .098 .098 .098 .098 .098
Gate 3996.0 3968.0 5040.0 4980.0 4995.0 5029.0
1 1046.0 1043.0 2135.0 2126.0 2133.0 2123.0
2 798.0 795.0 1620.0 1619.0 1615.0 1602.0
3 561.0 556.0 1133.0 1135.0 1130.0 1118.0
4 384.0 386.0 783.0 777.0 784.0 783.0
5 262.0 261.0 530.0 530.0 539.0 535.0
6 171.0 165.0 338.0 341.0 346.0 340.0
7 106.0 104.0 212.0 213.0 212.0 209.0
8 66.0 65.0 132.0 132.0 132.0 131.0
9 38.0 37.0 77.0 77.0 77.0 76.0
10 20.0 21.0 43.0 42.0 43.0 43.0
11 14.3 12.3 25.9 27.3 27.6 25.6
12 7.8 7.0 14.6 14.8 14.8 14.0
13 3.9 3.3 7.0 7.1 7.2 6.6
14 2.0 1.5 3.2 3.1 3.4 2.9
15 1.1 0.6 1.4 1.5 1.7 1.1
16 1.0 0.0 0.2 0.9 1.1 0.0
17 0.6 -0.1 0.0 0.3 0.5 -0.2
18 0.4 -0.2 -0.2 0.1 0.2 -0.4
19 0.5 -0.5 -0.5 0.1 0.2 -0.6
20 0.3 -0.4 -0.5 -0.5 0.0 0.0
Site FLS1 3109 1983 100 H 20A
n / N 7/8 7/8 6/8 6/8 6/10 6/10 7/10 7/10
TO .110 .110 .110 .110 .110 .110 .110 .110
Gate 5065.0 5100.0 5077.0 5027.0 5042.0 5044.0 5042.0 5040.0
1 1840.0 1842.0 924.0 909.0 918.0 922.0 1852.0 1859.0
2 1325.0 1313.0 661.0 658.0 060.0 1325.0 1330.0
3 1005.0 995.0 500.0 503.0 502.0 503.0 1003.0 1006.0
4 743.0 736.0 370.0 371.0 377.0 378.0 755.0 759.0
5 581.0 571.0 286.0 289.0 296.0 296.0 593.0 595.0
6 425.0 420.0 211.0 212.0 216.0 216.0 434.0 436.0
7 311.0 307.0 155.0 156.0 156.0 156.0 314.0 315.0
8 226.0 224.0 113.0 112.0 114.0 114.0 230.0 231.0
9 158.0 159.0 80.0 78.0 79.0 79.0 160.0 162.0
10 110.0 111.0 55.0 53.0 56.0 55.0 113.0 114.0
11 86.2 82.4 41.9 42.5 43.2 43.3 87.7 89.0
12 61.2 60.2 29.8 30.6 31.1 31.1 64.2 64.3
13 44.1 41.7 21.0 21.3 21.6 21.8 45.5 45.3
14 31.3 29.9 15.1 15.2 15.6 15.8 33.9 32.5
15 24.2 22.2 11.2 11.8 12.1 12.1 25.9 24.5
16 18.8 16.6 8.1 8.9 9.0 9.4 19.6 18.1
17 13.5 12.1 5.5 6.6 6.4 6.9 14.5 13.1
18 9.7 8.8 3.7 4.8 4.5 4.9 10.7 9.2
19 6.8 5.7 2.2 3.5 3.2 3.4 8.6 8.2
20 4.8 3.3 1.2 2.3 2.0 2.2 7.4 9.2
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APPEND IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site FLS2 0209 1983 100 H 20A
n / N 7/8 7/8 6/8 6/8 7/10 7/10
TO .100 .100 .100 .100 .100 .100
Gate 5077.0 5105.0 5086.0 5038.0 5052.0 5094.0
1 1943.0 1936.0 977.0 969.0 1943.0 1938.0
2 1379.0 1371.0 693.0 690.0 1373.0 1366.0
3 1041.0 1032.0 520.0 521.0 1036.0 1025.0
4 770.0 763.0 385.0 383.0 773.0 767.0
5 597.0 591.0 298.0 297.0 606.0 599.0
6 440.0 433.0 217.0 220.0 444.0 436.0
7 322.0 318.0 159.0 161.0 319.0 314.0
8 233.0 230.0 116.0 115.0 234.0 230.0
9 162.0 164.0 82.0 80.0 162.0 162.0
10 112.0 115.0 58.0 55.0 114.0 115.0
11 93.4 83.2 42.0 43.9 88.6 82.6
12 69.1 59.5 20.4 32.4 64.1 59.0
13 50.6 39.8 21.3 22.5 44.6 40.8
14 37.6 25.7 14.9 16.6 32.8 29.4
15 29.9 18.1 10.7 13.1 25.0 22.2
16 22.9 13.0 7.2 10.3 18.8 16.1
17 16.8 8.7 5.0 7.7 14.0 11.7
18 11.0 6.0 3.1 5.6 10.5 9.0
19 7.0 4.2 1.8 3.7 8.9 5.4
20 4.0 3.4 1.1 2.3 6.8 1.9
Site EIELSON 1209 1983 100 H 20.2A
n / N 7/8 7/8 6/8 6/8 6/10 6/10 7/8 7/8
TO .098 .098 .098 .098 .098 .098 .098 .098
Gate 5042.0 5081.0 5060.0 5012.0 5027.0 5062.0 5054.0 5007.0
1 2965.0 2962.0 1488.0 1469.0 1482.0 1493.0 2945.0 2901.0
2 2000.0 1993.0 1003.0 1001.0 1008.0 1006.0 2005.0 1984.0
3 1259.0 1251.0 629.0 632.0 634.0 728.0 1259.0 1250.0
4 806.0 803.0 405.0 403.0 411.0 509.0 808.0 801.0
5 530.0 523.0 264.0 266.0 273.0 267.0 527.0 526.0
6 359.0 345.0 176.0 174.0 179.0 176.0 349.0 346.0
7 233.0 227.0 117.0 116.0 118.0 114.0 231.0 231.0
8 161.0 157.0 82.0 80.0 82.0 80.0 161.0 161.0
9 109.0 105.0 56.0 54.0 56.0 54.0 109.0 109.0
10 74.0 71.0 39.0 36.0 38.0 37.0 75.0 73.0
11 56.6 51.2 29.5 28.3 29.6 27.3 55.8 56.2
12 39.8 33.5 21.0 20.2 20.7 18.4 38.9 39.9
13 25.5 19.6 13.7 12.7 13.3 11.4 25.1 25.4
14 16.2 10.4 8.7 8.2 8.3 6.9 15.8 15.9
15 10.9 4.8 5.4 5.4 5.2 3.5 10.6 9.8
16 7.6 1.6 2.8 3.4 2.9 1.2 7.0 5.2
17 6.1 0.2 1.1 2.2 1.2 0.0 5.4 1.3
18 5.5 -0.1 0.1 1.2 0.1 -0.5 4.2 -1.6
19 3.8 -0.2 -0.7 0.6 -0.1 -0.9 2.1 -3.5
20 1.2 0.0 -1.4 0.0 -0.3 -0.7 0.8 -2.5
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APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site QUARTZ 1109 1983 100 H 20.4A
n / N 7/8 7/8 6/8 6/8 7/10 7/10
TO .092 .092 .092 .092 .092 .092
Gate 5028.0 5072.0 5050.0 5002.0 5017.0 5058.0
1 2612.0 2579.0 1288.0 1273.0 2566.0 2574.0
2 1649.0 1645.0 826.0 825.0 1646.0 1636.0
3 887.0 880.0 440.0 444.0 881.0 872.0
4 486.0 486.0 244.0 243.0 490.0 489.0
5 276.0 272.0 136.0 138.0 280.0 276.0
6 149.0 146.0 72.0 74.0 151.0 147.0
7 81.0 78.0 38.0 40.0 80.0 77.0
8 44.0 43.0 20.0 21.0 44.0 43.0
9 22.0 22.0 10.0 11.0 22.0 22.0
10 10.0 10.0 4.0 4.0 10.0 10.0
11 6.4 4.2 1.6 3.3 6.3 4.3
12 2.6 1.2 0.1 1.1 2.4 1.0
13 0.2 -0.6 -0.5 0.0 0.2 -0.4
14 -0.4 -1.1 -0.8 -0.4 -0.6 -1.2
15 -0.8 -1.3 -1.0 -0.5 -0.8 -1.4
16 -0.8 -1.6 -1.2 -0.3 -0.8 -1.5
17 -0.8 -1.3 -1.0 -0.4 -0.9 -1.4
18 -0.8 -1.1 -0.8 -0.5 -0.8 -1.1
19 -0.6 -1.2 -0.9 -0.2 -0.5 -1.2
20 -0.4 -1.0 -0.8 -0.2 -0.4 -0.9
Site SAWMILL 0809 1983 100 H 19.1A
n / N 9/8 9/8 9/10 9/10 8/10 8/10
TO .094 .094 .094 .094 .094 .094
Gate 5046.0 4996.0 5007.0 5043.0 5035.0 4999.0
1 1137.0 1137.0 1143.0 1148.0 572.0 561.0
2 888.0 893.0 893.0 887.0 443.0 440.0
3 639.0 649.0 648.0 638.0 317.0 319.0
4 449.0 469.0 473.0 454.0 230.0 231.0
5 311.0 334.0 342.0 317.0 162.0 166.0
6 212.0 226.0 228.0 215.0 109.0 111.0
7 137.0 153.0 152.0 138.0 70.0 73.0
8 90.0 103.0 104.0 92.0 47.0 49.0
9 59.0 65.0 65.0 60.0 30.0 31.0
10 36.0 40.0 42.0 36.0 19.0 19.0
11 12.5 39.3 39.7 13.1 10.4 15.1
12 2.9 28.8 28.0 3.8 5.3 9.6
13 3.5 20.1 19.6 -3.0 1.8 5.4
14 6.4 14.0 13.5 -6.1 -0.1 3.0
15 -8.4 10.0 9.8 -7.7 -1.0 1.6
16 -7.6 6.6 6.6 -7.1 -1.6 0.5
17 -8.0 5.2 5.4 -7.3 -1.7 0.1
18 -7.0 3.9 3.9 -6.5 -1.6 -0.1
19 -8.5 5.8 5.9 -8.1 -1.9 0.2
20 -6.9 4.6 4.8 -6.6 -1.5 0.0
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APPEND IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site GREELY 0809 1983 100 H 19.7A
n / N 5/8 5/8 4/8 4/8 5/10 5/10
TO .094 .094 .094 .094 .094 .094
Gate 5056.0 4998.0 4243.0 4217.0 5062.0 5009.0
1 1530.0 2500.0 1222.0 1222.0 2519.0 2502.0
2 1576.0 1571.0 768.0 767.0 1580.0 1577.0
3 897.0 896.0 441.0 436.0 892.0 893.0
4 511.0 507.0 249.0 250.0 516.0 512.0
5 291.0 291.0 144.0 142.0 296.0 297.0
6 155.0 158.0 79.0 75.0 157.0 160.0
7 82.0 84.0 42.0 39.0 82.0 84.0
8 45.0 46.0 23.0 22.0 46.0 46.0
9 24.0 24.0 12.0 11.0 24.0 24.0
10 12.0 10.0 4.0 6.0 12.0 11.0
11 5.6 7.6 4.2 2.3 5.7 7.6
12 2.2 3.2 1.9 1.0 2.4 3.2
13 0.4 1.1 0.7 0.1 0.6 1.1
14 -0.1 0.2 0.2 0.2 0.0 0.0
15 -0.4 0.1 0.2 -0.1 -0.2 0.1
16 -0.9 0.2 0.3 -0.5 -0.7 0.1
17 -0.8 0.0 0.1 -0.4 -0.7 0.0
18 .. -0.8 0.0 0.1 -0.4 -0.6 0.0
19 -1.0 0.1 0.3 -0.5 -0.8 0.0
20 -0.9 0.0 0.2 -0.5 -0.7 0.0
Site FIELD 0908 1983 100 H 20A
n / N 6/8 6/8 5/8 5/8 5/10 5/10
TO .095 .095 .095 .095 .095 .095
Gate 5050.0 5083.0 5060.0 5019.0 5036.0 5078.0
1 2819.C 2779.0 1373.0 1354.0 1360.0 1369.0
2 1 ( W t k  A x  a  i \j .\j 1954.0 970.0 969.0 971.0 969.0
3 1285.0 1274.0 630.0 634.0 633.0 626.0
4 850.0 844.0 417.0 417.0 422.0 420.0
5 571.0 563.0 277.0 281.0 286.0 281.0
6 368.0 366.0 181.0 181.0 184.0 182.0
7 243.0 239.0 117.0 120.0 120.0 116.0
8 162.0 160.0 79.0 80.0 81.0 79.0
9 107.0 105.0 52.0 53.0 53.0 51.0
10 70.0 70.0 34.0 34.0 35.0 35.0
11 52.0 50.6 24.7 26.1 26.3 24.7
12 36.2 34.8 16.9 18.3 18.1 16.7
13 23.3 22.4 10.8 11.8 11.7 10.7
14 14.9 14.2 6.8 7.6 7.6 6.8
15 9.9 9.1 4.2 5.1 5.1 4.2
16 6.2 5.3 2.2 3.4 3.4 2.2
17 3.6 2.9 1.1 2.1 2.0 1.1
18 2.1 1.4 0.4 1.3 1.2 0.4
19 1.2 0.3 0.0 0.9 0.8 0.0
20 0.6 0.0 -0.3 0.6 0.5 -0.3
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APPEN D IX  C: TRANSIENT  SOUNDING DATA CONTINUED
Site SUMMIT 0909
n / N 4/8 4/8
TO .095 .095
Gate 4336.0 4336.0
1 2557.0 2543.0
2 1749.0 1745.0
3 1112.0 1113.0
4 718.0 714.0
5 465.0 465.0
6 290.0 291.0
7 180.0 182.0
8 112.0 113.0
9 67.0 67.0
10 40.0 38.0
11 24.8 27.0
12 15.1 16.6
13 8.3 9.3
14 4.4 5.3
15 2.3 3.3
16 0.7 2.1
17 0.0 1.2
18 0.0 0.7
19 -0.4 0.6
20 -0.5 0.5
Site SOURDOUGH
n / N 7/8 7/8
TO Ann.uyz .092
Gate 5029.0 5069.0
1 3080.0 3141.0
2 2482.0 2472.0
3 1746.0 1738.0
4 1195.0 1198.0
5 809.0 799.0
6 501.0 502.0
7 301.0 299.0
8 177.0 176.0
9 96.0 96.0
10 49.0 49.0
11 28.2 27.8
12 14.5 13.3
13 5.8 4.8
14 1.9 1.1
15 0.3 -0.3
16 -0.1 -0.7
17 -0.5 -0.9
18 -0.6 -0.9
19 -0.4 -1.1
20 -0.3 -0.9
1983 100 H
3/8 3/8
.095 .095
2176.0 2170.0
1213.0 1219.0
840.0 840.0
541.0 537.0
348.0 349.0
228.0 226.0
144.0 142.0
90.0 87.0
56.0 55.0
33.0 33.0
18.0 20.0
14.0 11.8
8.7 7.1
5.0 3.9
2.9 2.0
1.9 0.9
1.5 0.1
1.0 0.0
0.6 - 0.1
0.7 -0.4
0.6 -0.4
1008 1983
6 /8 6 /8
.092 .092
5045.0 4997.0
1596.0 1567.0
1246.0 1236.0
873.0 872.0
601.0 598.0
400.0 404.0
252.0 249.0
150.0 150.088.0 88.0
47.0 48.0
24.0 24.0
13.8 13.9
6.3 7.1
2.2 2.8
0.3 0.8
-0.3 0.1
- 0.6 0.0
-0.7 -0.2
-0.7 -0.2
- 0.8  0.0
-0.7 -0.1
19.8A
4/10 4/10
.095 .095
4376.0 4372.0
2556.0 2531.0
1735.0 1726.0
1101.0 1099.0
720.0 714.0
470.0 470.0
293.0 293.0
178.0 180.0
112.0 113.0
67.0 67.0
40.0 38.0
25.0 27.1
15.0 16.4
8.4 9.3
4.6 5.4
2.4 3.3
0.8 2.2
0.1 1.2
0.0 0.7
-0 4 0.6
-0.4 0.5
100 H 19.2A
6/10 6/10
.092 .092
5012.0 5052.0
1556.0 1564.0
1224.0 1213.0
860.0 848.0
599.0 593.0
408.0 398.0
250.0 250.0
148.0 146.0
87.0 86.0
47.0 46.0
24.0 24.0
13.9 13.6
7.0 6.3
2.7 2.1
0.8 0.3
0.1 -0.3
-0.1 -0.7
-0.3 -0.7
-0.3 -0.7
-0.1 -0.8
-0.1 -0.7
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APPEN D IX  C: TRANSIENT  SOUNDING DATA CONTINUED
Site GLEN1 1008 1983 100 H 20A
n / N 5/8 5/8 4/8 4/8 5/10 5/10
TO .092 .092 .092 .092 . .092 .092
Gate 5049.0 4997.0 4324.0 4310.0 5060.0 4999.0
1 1719.0 1722.0 845.0 848.0 1819.0 1812.0
2 1395.0 1398.0 695.0 697.0 1401.0 1396.0
3 1011.0 1018.0 505.0 502.0 1015.0 1016.0
4 775.0 776.0 383.0 384.0 788.0 785.0
5 576.0 582.0 289.0 284.0 592.0 594.0
6 418.0 424.0 211.0 206.0 428.0 430.0
7 309.0 315.0 157.0 152.0 312.0 315.0
8 233.0 237.0 118.0 115.0 237.0 239.0
9 169.0 172.0 86.0 84.0 172.0 173.0
10 121.0 123.0 61.0 61.0 127.0 126.0
11 87.6 95.6 48.3 43.3 92.8 98.3
12 56.4 65.7 32.2 29.6 62.5 66.7
13 41.1 51.1 25.4 23.9 48.6 51.4
14 31.1 40.2 19.5 18.1 38.8 40.8
15 21.2 27.6 13.0 10.1 25.8 27.2
16 11.8 16.6 8.3 6.5 14.9 16.8
17 6.1 12.7 6.6 4.5 11.3 13.0
18 4.1 7.4 4.9 3.5 5.8 7.3
19 2.1 4.4 4.0 1.1 3.2 5.2
20 1.3 3.0 2.7 0.8 ' -0.2 3.3
Site GLEN2 1008 1983 100 H 19.8A
n / N 6/8 6/8 5/8 5/8
TO .092 .092 .092 .092
Gate 5016.0 5055.0 5045.0 4991.0
1 3680.0 3674.0 1810.0 1686.0
2 2835.0 2808.0 1391.0 1327.0
3 2061.0 2051.0 1009.0 969.0
4 1560.0 1570.0 773.0 741.0
5 1186.0 1170.0 574.0 556.0
6 863.0 852.0 418.0 404.0
7 644.0 630.0 310.0 301.0
8 485.0 473.0 233.0 226.0
9 351.0 344.0 170.0 164.0
10 253.0 251.0 123.0 120.0
11 194.1 188.6 91.6 93.9
12 131.7 127.9 61.5 63.3
13 102.0 100.6 47.5 49.4
14 79.3 75.5 37.6 37.6
15 53.2 36.9 24.8 28.2
16 32.6 19.1 14.6 16.3
17 25.8 14.6 11.8 12.6
18 18.9 4.3 5.6 7.0
19 24.4 -0.1 2.6 5.0
20 12.7 1.6 1.1 2.6
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A PPEN D IX  C: TRANSIENT  SOUNDING DATA CONTINUED
Site -2a 0705
n / N 6/10 6/10
TO .750 .750
Gate 5000.0 5000.0
I 871.0 870.0
2 778.0 772.0
3 668.0 673.0
4 575.0 572.0
5 485.0 476.0
6 384.0 383.0
7 304.0 304.0
8 228.0 230.0
9 165.0 167.0
10 111.0 112.0
11 82.7 80.5
12 48.3 48.3
13 27.1 27.2
14 14.6 15.0
15 8.3 9.1
1 /> 1U A f\ **.» 5.2
17 3.1 3.6
18 2.1 2.5
19 1.3 1.8
20 578.8 707.9
Site WestDock 0705
n / N 3/8 3/8
TO .400 .400
Gate 5000.0 5000.0
1 4304.0 4353.0
2 4234.0 4282.0
3 4120.0 4161.0
4 3925.0 3916.0
5 1553.0 1515.0
6 535.0 528.0
7 279.0 279.0
8 176.0 173.0
9 109.0 106.0
10 66.0 63.0
11 43.6 46.3
12 26.0 25.5
13 14.3 13.7
14 8.1 6.9
15 4.9 3.2
16 2.2 1.8
17 1.2 0.7
18 0.8 0.1
19 0.6 0.0
20 0.0 0.4
1984 400 H 400 L
6/10 6/10 6/10
.750 .750 .325
5352.0 4963.0 5359.0
864.0 868.0 5953.0
772.0 771.0 5969.0
663.0 672.0 5940.0
571.0 571.0 5948.0
482.0 475.0 5923.0
371.0 382.0 5926.0
303.0 303.0 2495.0
227.0 230.0 1252.0
164.0 167.0 679.0
111.0 112.0 376.0
82.1 80.2 242.0
48.0 48.2 128.9
26.9 27.2 63.1
14.5 15.0 29.2
8.2 9.0 14.2
4.8 5.1 7.1
3.1 3.5 4.0
2.1 2.4 2.6
1.3 1.8 1.5
578.9 707.9 0.0
1984 400 H 23A
3/8 3/8 6/10
.400 .400 .400
5000.0 5000.0 5000.0
4287.0 4358.0 5000.0
4217.0 4287.0 5000.0
4102.0 4166.0 5000.0
3860.0 3904.0 5000.0
1480.0 1490.0 5000.0
523.0 525.0 4308.0
275.0 278.0 2270.0
171.0 175.0 1394.0
105.0 109.0 877.0
62.0 66.0 524.0
45.9 43.5 356.4
25.2 26.1 205.4
13.5 14.3 113.2
6.7 8.1 60.6
3.1 4.9 33.6
1.7 2.2 17.3
0.6 1.3 9.4
0.0 0.8 5.4
0.0 0.6 2.9
0.4 0.1 3.0
22.5A
6/10 6/10 6/10
.325 .740 .740
4963.0 4964.0 5351.0
7009.0 103.0 78.0
7019.0 74.0 46.0
7015.0 52.0 23.0
7005.0 41.0 14.0
7019.0 30.0 7.0
7085.0 25.0 4.0
2562.0 9.0 4.0
1274.0 8.0 2.0
689.0 6.0 1.0
380.0 3.0 1.0
234.9 2.4 3.1
129.8 2.8 2.0
63.5 2.6 1.3
29.7 1.9 1.2
15.1 1.8 0.5
7.3 1.1 0.7
4.4 0.9 0.5
2.8 1.0 0.2
1.9 0.5 0.4
0.9 0.0 0.8
6/10 6/10 6/10
.400 .800 .800
5000.0 5000.0 5000.0
5000.0 1236.0 1210.0
5000.0 1125.0 1100.0
5000.0 999.0 972.0
5000.0 881.0 848.0
5000.0 746.0 724.0
4330.0 598.0 586.0
2272.0 478.0 472.0
1396.0 371.0 364.0
878.0 280.0 275.0
525.0 198.0 194.0
342.3 146.1 150.7
205.2 97.4 96.8
113.3 60.5 60.0
61.1 36.5 35.8
34.7 23.0 21.8
17.9 13.2 12.5
10.1 8.2 7.5
6.0 5.2 4.7
3.7 3.5 2.7
2.5 706.8 574.2
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Sites .75a 0706 1984 250 H 17A West Dock0705 400 L
n / N 2/8 2/8 2/8 2/8 6/10 6/10
TO .300 .300 .300 .300 .670 .670
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 1848.0 1812.0 1834.0 1808.0 211.0 179.0
2 1877.0 1856.0 1865.0 1851.0 150.0 117.0
3 1871.0 1845.0 1860.0 1839.0 101.0 68.04 1879.0 1867.0 1868.0 1861.0 74.0 42.0
5 1854.0 1852.0 1846.0 1845.0 49.0 24.0
6 1763.0 1748.0 1756.0 1740.0 28.0 14.0
7 1589.0 1580.0 1584.0 1573.0 15.0 9.0
8 1373.0 1362.0 1367.0 1356.0 12.0 4.0
9 1092.0 1085.0 1088.0 1079.0 8.0 3.0
10 805.0 802.0 802.0 798.0 5.0 2.0
11 591.1 576.9 589.0 576.9 3.7 3.9
12 395.4 393.7 394.1 391.7 3.5 2.2
13 233.9 233.1 233.2 231 8 2.9 1.5
14 133.4 132.3 133.0 131.5 2.2 1.1
15 75.6 74.2 75.5 73.7 2.0 0.6
16 37.3 37.0 37.2 36.8 1.5 0.5
17 18.0 17.7 18.0 17.5 1.2 0.3
18 8.4 7.9 8.4 7.8 1.2 0.0
19 3.6 3.0 3.6 2.9 0.8 0.1
20 1.0 1.5 1.0 1.4 0.1 0.5
Site .75b 0605 1984 250 L 20A
n / N 5/10 5/10 5/10 5/10 5/10 5/10
TO .310 .310 .310 .310 .310 .310
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 4758.0 4821.0 4747.0 4826.0 4773.0 4795.0
2 3204.0 3235.0 3196.0 3238.0 3193.0 3217.0
3 1911.0 1915.0 1904.0 1917.0 1902.0 1905.0
4 1104.0 1093.0 1097.0 1094.Q 1096.0 1088.0
5 619.0 612.0 615.0 613.0 j 614.0 609.0
6 309.0 308.0 305.0 309.0 305.0 307.0
7 151.0 148.0 149.0 148.0 148.0 147.0
8 68.0 68.0 65.0 68.0 65.0 68.0
9 28.0 28.0 26.0 28.0 26.0 28.0
10 11.0 9.0 9.0 9.0 9.0 9.0
11 6.2 3.3 5.5 3.7 5.2 3.5
12 2.1 1.9 1.6 2.1 1.4 2.2
13 0.6 1.0 0.3 1.2 0.2 1.3
14 0.2 0.4 0.1 0.6 0.0 0.7
15 0.0 0.4 0.0 0.7 0.0 0.8
16 0.0 0.1 0.0 0.5 0.0 0.6
17 0.0 0.0 0.0 0.5 0.0 0.5
18 -0.2 0.0 -0.1 0.7 -0.3 0.7
19 -0.1 -0.2 0.0 0.4 -0.1 0.5
20 0.0 -0.7 0.1 0.0 0.0 0.0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
282
APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site la 0505
n / N 2/10 2/10
TO .680 .680
Gate 5000.0 5000.0
1 218.0 212.0
2 221.0 219.0
3 224.0 219.0
4 232.0 225.0
5 239.0 237.0
6 249.0 244.0
7 261.0 255.0
8 275.0 268.0
9 287.0 280.0
10 299.0 292.0
11 299.2 306.5
12 285.8 281.5
13 256.9 252.9
14 215.1 211.0
15 168.3 164.6
16 116.1 114.1
17 76.3 74.7
18 46.7 45.3
19 25.9 24.6
20 16.8 16.6
Sites lb 0605
n / N 2/8 2/8
TO .290 .290
Gate 5000.0 5000.0
1 1378.0 1392.0
2 1387.0 1394.0
3 1353.0 1366.0
4 1356.0 1358.0
5 1353.0 1349.0
6 1312.0 1317.0
7 1255.0 1259.0
8 1174.0 1179.0
9 1043.0 1048.0
10 872.0 874.0
11 576.0 704.8
12 528.4 529.7
13 349.2 350.0
14 217.1 218.5
15 131.2 132.5
16 70.5 70.7
17 36.8 37.1
18 18.4 19.0
19 8.2 8.9
20 3.9 3.5
500 H 23A ld
2/10 2/10 6/10
.680 .680 .720
5000.0 5000.0 6000.0
212.0 215.0 5074.0
219.0 218.0 4860.0
220.0 220.0 4334.0
225.0 228.0 3629.0
232.0 236.0 2815.0
245.0 245.0 1964.0
255.0 257.0 1312.0
269.0 271.0 801.0
280.0 281.0 457.0
292.0 294.0 239.0
306.5 295.2 130.3
281.4 282.0 65.9
252.8 253.3 29.2
210.9 212.1 13.0
164.5 165.8 6.8
114.1 114.3 3.8
74.8 75.1 2.7
45.4 45.9 2.3
24.7 25.4 1.7
16.7 16.4 0.9
250 H 17A 5a
2/8 2/8 6/10
.290 .290 .700
5000.0 5000.0 5000.0
1370.0 1395.0 1860.0
1379.0 1397.0 1877.0
1345.0 1370.0 1873.0
1347.0 1361.0 1845.0
1345.0 1352.0 1746.0
1303.0 1320.0 1595.0
1247.0 1262.0 1431.0
1166.0 1182.0 1172.0
1036.0 1050.0 926.0
865.0 875.0 673.0
576.2 704.8 478.4
524.8 530 8 334.4
346.8 350.7 209.5
215.7 218.9 127.7
130.3 132.8 79.8
70.0 70.8 44.8
36.5 37.1 25.6
18.3 19.0 14.5
8.2 8.9 7.3
3.8 3.4 3.2
500 L 23A
6/10 7/10 7/10
.720 .720 .720
6000.0 6000.0 6000.0
4936.0 5865.0 5865.0
4717.0 5878.0 5878.0
4218.0 5852.0 5852.0
3553.0 5863.0 5863.0
2761.0 5625.0 5597.0
1930.0 3926.0 3910.0
1290.0 2620.0 2618.0
785.0 1598.0 1599.0
446.0 911.0 911.0
232.0 475.0 475.0
131.6 253.9 261.0
62.9 130.2 129.4
26.2 56.7 55.3
10.6 24.6 22.8
4.5 12.3 10.3
1.8 5.8 5.2
0.8 3.6 3.1
0.3 2.9 1.6
0.2 1.9 1.1
0.6 0.6 1.0
0505 500 L 22A
6/10 6/10 6/10
.700 .700 .700
5000.0 5000.0 5000.0
1825.0 1828.0 1851.0
1844.0 1848.0 1867.0
1846.0 1849.0 1864.0
1830.0 1835.0 1835.0
1733.0 1736.0 1738.0
1579.0 1583.0 1588.0
1421.0 1423.0 1425.0
1163.0 1166.0 1167.0
918.0 920.0 922.0
669.0 671.0 670.0
485.1 485.8 476.2
332.1 332.8 333.0
207.6 208.1 208.7
126.4 126.8 127.2
78.3 78.6 79.5
43.9 44.1 44.7
24.9 25.1 25.7
13.6 13.8 14.7
7.1 7.2 7.7
4.1 4.0 3.6
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Site lc 0605 1984 250 L 20A
n / N 5/10 5/10 5/10 5/10 5/10 5/10
TO .300 .300 .300 .300 .300 .300
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 5782.0 5882.0 5789.0 5872.0 5778.0 5879.0
2 4324.0 4400.0 4330.0 4391.0 4322.0 4396.0
3 2877.0 2909.0 2881.0 2903.0 2876.0 2907.0
4 1820.0 1824.0 1823.0 1820.0 1819.0 1822.0EU 1098.0 1101.0 11010 1098.0 1099.0 1099.0
6 593.0 599.0 596.0 598.0 594.0 599.0
7 317.0 319.0 318.0 318.0 318.0 319.0
8 158.0 164.0 160.0 164.0 160.0 164.0
9 75.0 79.0 76.0 79.0 76.0 79.0
10 33.0 35.0 34.0 35.0 34.0 35.0
11 17.5 16.8 18.0 16.4 18.0 16.4
12 6.7 8.5 7.0 8.1 6.9 8.1
13 2.0 3.7 1.9 3.5 1.9 3.3
14 0.5 1.7 0.1 1.5 0.2 1.3
15 0.0 1.3 -0.5 1.1 -0.3 0.8
16 0.0 0.7 -0.5 0.6 -0.2 0.2
17 0.0 0.5 -0.7 0.5 -0.3 0.0
18 -0.1 0.6 -0.9 0.7 -0.4 0.0
19 0.0 0.2 -0.7 0.5 -0.1 -0.1
20 0.3 -0.1 -0.2 0.0 0.2 -0.6
Site 3a 0605 500 L 22A 3d 250 H 17A
n / N 6/10 6/10 6/10 6/10 2/8 2/8 2/8 2/8
TO .720 .720 .720 .720 .290 .290 .290 .290
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 2878.0 2828.0 2864.0 2834.0 1040.0 1034.0 1044.0 1035.0
2 2932.0 2879.0 2917.0 OBOC f| 1055.0 i nu  o 1059.0 1055.0
3 2905.0 2858.0 2889.0 2866.0 1051.0 1043.0 1054.0 1043.0
4 2753.0 2726.0 2736.0 2737.0 1059.0 1058.0 1061.0 1059.0
5 2424.0 2403.0 2410.0 2409.0 1066.0 1069.0 1066.0 1070.0
6 1965.0 1945.0 1953.0 1951.0 1050.0 1045.0 1049.0 1047.0
7 1525.0 1514.0 1516.0 1517.0 1012.0 1008.0 1011.0 1009.0
8 1081.0 1070.0 1074.0 1073.0 959.0 951.0 957.0 953.0
9 736.0 729.0 731.0 731.0 872.0 866.0 871.0 867.0
10 474.0 469.0 470.0 470.0 761.0 756.0 760.0 757.0
11 312.3 319.7 310.1 320.4 653.4 573.2 652.3 573.4
12 203.6 201.1 201.7 201.6 529.5 527.1 528.8 528.0
13 119.6 117.2 118.1 117.4 392.0 390.3 391.5 391.0
14 67.8 65.8 66.5 66.1 275.5 273.3 275.2 273.8
15 39.3 37.0 38.1 37.2 186.4 184.4 186.1 184.7
16 20.0 18.3 19.0 18.4 111.9 111.4 111.8 111.6
17 10.7 8.9 9.6 9.0 65.9 65.3 65.8 65.4
18 6.0 4.0 5.0 4.1 37.6 36.9 37.6 36.9
19 3.3 1.8 2.3 1.9 20.2 19.4 20.2 19.4
20 1.6 1.1 0.7 1.2 10.2 10.5 10.2 10.5
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Site 3b 0505 1984 500 V 22A
n / N 6/10 6/10 6/10 6/10 7/10 7/10 6/10 6/10
TO .720 .720 .720 .720 .720 .720 .720 .720
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 2175.0 2263.0 2148.0 2216.0 2919.0 2964.0 2251.0 2172.0
2 1651.0 1710.0 1621.0 1681.0 2339.0 2429.0 1701.0 1640.0
3 1054.0 1117.0 1053.0 1069.0 1782.0 1752.0 1079.0 1060.0
4 596.0 632.0 595.0 607.0 1136.0 1117.0 617.0 596.0
5 329.0 353.0 331.0 334.0 678.0 655.0 341.0 330.0
6 161.0 179.0 165.0 164.0 341.0 326.0 171.0 164.0
7 81.0 90.0 82.0 82.0 171.0 161.0 87.0 80.0
8 36.0 47.0 41.0 37.0 83.0 75.0 43.0 39.0
9 16.0 24.0 19.0 16.0 40.0 33.0 21.0 18.0
10 7.0 13.0 10.0 7.0 19.0 11.0 11.0 8.0
11 6.1 7.7 4.4 5.8 0.0 -0.8 9.6 4.2
12 2.6 6.9 3.7 2.7 -18.9 15.1 5.9 3.6
13 1.1 5.2 2.3 1.1 -1.1 -5.6 4.1 2.3
14 0.5 4.2 1.4 0.6 -2.1 -8.2 3.5 1.4
15 0.0 3.8 1.2 0.0 -0.7 -10.8 2.7 1.1
16 0.0 3.0 0.6 0.0 -3.7 -8.9 2.6 0.5
17 -0.4 2.8 0.3 0.0 -11.5 -1.3 2.4 0.3
18 -1.8 2.3 0.3 -0.2 -3.4 -9.7 1.9 0.4
19 -2.1 0.4 -0.4 0.0 -2.4 -12.0 1.7 0.1
20 -1.7 -0.4 -2.6 0.4 -5.2 -11.3 0.6 -0.1
Site 3e 0605 1984 250 L 20A
n / N 5/10 5/10 5/10 5/10 5/10 5/10
TO .300 .300 .300 .300 .300 .300
Gate 6000.0 6000.0 6000.0 6000.0 6000.0 6000.0
1 5396.0 5479.0 5382.0 5475.0 5376.0 5463.0
2 4388.0 4460.0 4377.0 4456.0 4371.0 4446.0
3 3272.0 3309.0 3264.0 3307.0 3260.0 3299.0
4 2338.0 2343.0 2333.0 2342.0 2330.0 2336.0
5 1580.0 1585.0 1578.0 1583.0 1576.0 1579.0
6 070.0 974.0 970.0 973.0 989.0 971.0
7 588.0 590.0 588.0 589.0 588.0 583.0
8 337.G 313.0 338.0 342.0 338.0 341.0
9 189.0 194.0 191.0 193.0 190.0 193.0
10 102.0 107.0 105.0 106.0 104.0 106.0
11 64.2 62.8 65.9 62.4 66.0 62.4
12 35.0 37.6 36.8 37.1 36.9 37.1
13 17.3 20.2 19.0 19.7 19.2 19.7
14 7.9 10.7 9.7 10.2 9.8 10.2
15 3.0 6.1 4.8 5.6 5.0 5.7
16 0.4 3.1 2.1 2.5 2.3 2.5
17 -0.7 1.9 0.7 1.1 0.9 1.2
18 -1.5 1.5 0.0 0.6 0.0 0.7
19 -1.6 0.9 -0.1 0.1 0.0 0.2
20 -1.1 0.1 0.0 -0.1 0.1 0.0
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Site 5b 0505 1984 500 V 22A
n / N 6/10 6/10 6/10 6/10 6/10 6/10
TO .700 .700 .700 .700 .700 .700
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 2648.0 2806.0 2700.0 2767.0 2764.0 2716.0
2 2162.0 2354.0 2258.0 2258.0 2256.0 2268.0
3 1690.0 1756.0 1680.0 1764.0 1761.0 1686.0
4 1167.0 1212.0 1161.0 1213.0 1208.0 1161.0
5 719.0 745.0 714.0 753.0 752.0 716.0
6 409.0 418.0 401.0 430.0 429.0 403.0
7 234.0 238.0 231.0 248.0 249.0 232.0
8 131.0 129.0 126.0 140.0 141.0 127.0
9 70.0 65.0 66.0 77.0 79.0 65.0
10 37.0 32.0 33.0 42.0 44.0 32.0
11 18.3 14.5 16.2 19.2 18.3 13.8
12 11.8 6.9 8.5 16.2 15.6 6.8
13 6.0 1.0 1.8 10.5 12.0 0.7
14 3.3 -0.9 -1.1 7.9 9.9 -1.3
15 2.3 -2.3 -2.5 6.6 9.0 -2.7
16 1.5 -2.6 -2.8 5.3 7.4 -3.0
17 1.5 -2.9 -3.1 4.8 7.0 -3.3
18 2.9 -2.7 <i 0 4.4 6.4 -3.6
19 3.1 -1.0 -3.0 3.0 4.2 -3.2
20 2.5 0.6 -2.4 -0.1 0.0 -2.5
Site 5c 0605 250 H 17A 5d 250 L 20A
n / N 2/8 2/8 2/8 2/8 5/10 5/10 5/10 5/10
TO .285 .285 .285 .285 .300 .300 .300 .300
Gate 5000.0 5000.0 5000.0 5000.0 6000.0 6000.0 6000.0 6000.0
1 593.0 577.0 581.0 577.0 5465.0 5356.0 5455.0 5369.0
2 616.0 602.0 605.0 602.0 4594.0 4495.0 4584.0 4505.0
3 630.0 616.0 620.0 617.0 3522.0 3459.0 3513.0 3466.0
4 662.0 645.0 651.0 646.0 2609.0 2582.0 2600.0 2587.0
5 695.0 685.0 688.0 685.0 1881.0 1862.0 1875.0 1865.0
6 725.0 716.0 719.0 717.0 1274.0 1262.0 1268.0 1264.0
7 755.0 746.0 751.0 747.0 865.0 858.0 862.0 859.0
8 776.0 764.0 771.0 764.0 559.0 550.0 556.0 551.0
9 768.0 758.0 764.0 758.0 350.0 343.0 347.0 344.0
10 719.0 709.0 415.0 710.0 208.0 202.0 205.0 203.0
11 643.4 570.4 640.3 570.6 128.2 131.2 126.2 131.1
12 537.3 532.4 534.9 532.7 78*7 75.7 76.2 75.6
13 409.7 405.9 407.9 406.1 43.9 41.2 42.0 40.9
14 299.5 295.7 298.2 295.9 25.0 22.5 23.1 22.3
15 214.9 211.6 214.0 211.8 15.4 12.8 13.6 12.6
16 141.6 140.4 141.0 140.5 8.8 6.8 7.1 6.7
17 93.3 92.2 92.9 92.2 5.6 3.6 3.9 3.6
18 59.2 58.0 59.0 58.1 4.0 1.6 2.4 1.7
19 35.0 33.9 34.9 33.9 2.8 0.7 1.1 1.1
20 19.3 19.4 19.2 19.4 1.3 0.5 0.2 1.1
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Site 7a 0505 500 L 22A 9a 0505 500 L 22A
n / N 6/10 6/10 6/10 6/10 6/10 6/10 6/10 6/10
TO .680 .680 .680 .680 .680 .680 .680 .680
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 1701.0 1670.0 1697.0 1664.0 1611.0 1581.0 1610.0 1576.0
2 1757.0 1730.0 1753.0 1724.0 1686.0 1661.0 1685.0 1654.0
3 1814.0 1791.0 1809.0 1785.0 1772.0 1748.0 1769.0 1742.0
4 1851.0 1840.0 1814.0 1834.0 1837.0 1826.0 1833.0 1821.0
5 1810.0 1799.0 1803.0 1793.0 1817.0 1805.0 1812.0 1799.0
6 1707.0 1691.0 1700.0 1685.0 1726.0 1707.0 1721.0 1702.0
7 1565.0 15550 1559.0 1549.0 1584.0 1572.0 1580.0 1566.0
8 1295.0 1285.0 1289.0 1281.0 1310.0 1299.0 1306.0 1294.0
9 1020.0 1012.0 1016.0 1009.0 1035.0 1026.0 1032.0 1022.0
10 730.0 727.0 727.0 724.0 746.0 742.0 744.0 740.0
11 506.6 512.4 504.4 510.1 522.2 527.0 520.4 525.4
12 344.7 343.1 343.3 341.4 360.3 358.1 359.0 356.6
13 209.3 208.1 208.5 206.9 220.6 218.7 219.6 218.0
14 125.2 124.4 124.7 123.6 131.1 129.9 130.4 129.3
15 77.9 77.1 77.6 76.4 79.9 78.5 79.3 78.1
16 44.5 44.0 44.3 43.5 43.9 43.0 43.4 42.9
17 26.2 25.8 26.1 25.4 24.9 24.1 24.4 24.1
18 15.4 14.7 15.3 14.3 14.2 13.0 13.7 13.1
19 8.2 7.9 8.1 7.7 7.6 6.7 7.0 6.8
20 3.8 4.4 3.7 4.3 3.8 3.6 3.1 3.9
Site 7b 0505 1984 500 V 22A
n / N 6/10 6/10 6/10 6/10 6/10 6/10
TO .680 .680 .680 .680 .680 .680
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 2697.0 2732.0 2742.0 2731.0 2828.0 2728.0
2 2179.0 2274.0 2209.0 2273.0 2287.0 2271.0
3 1675.0 1667.0 1696.0 1666.0 1762.0 1663.0
4 1130.0 1133.0 1145.0 1132.0 1190.0 1129.0
5 693.0 697.0 704.0 6S7.0 729.0 694.0
6 399.0 399.0 408.0 399.0 420.0 397.0
7 236.0 238.0 242.0 238.0 247.0 238.0
8 135.0 136.0 140.0 136.0 140.0 135.0
9 75.0 74.0 79.0 74.0 76.0 74.0
10 39.0 40.0 43.0 40.0 39.0 40.0
11 19.1 17.0 22.8 16.2 18.4 15.7
12 13.1 12.6 16.3 12.8 10.5 12.5
13 6.8 5.9 10.5 6.1 4.1 5.8
14 3.7 3.0 7.8 3.2 1.1 3.0
15 2.4 1.2 6.2 1.5 0-5 1.2
16 1.3 0.4 4.8 0.8 0.8 0.4
17 0.8 0.0 4.3 0.4 0.8 0.0
18 0.7 -1.4 4.0 0.1 0.7 -1.6
19 0.1 -3.5 3.3 0.7 0.2 -3.9
20 -1.1 -3.3 2.5 3.6 -0.1 -3.6
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APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site 7c 0605 250 H 17A 7d 0605 250 L 20A
n / N 2/8 2/8 2/8 2/8 5/10 5/10 5/10 5/10
TO .270 .270 .270 .270 .300 .300 .300 .300
1 504.0 506.0 501.0 504.0 5698.0 5768.0 5658.0 5746.0
2 526.0 529.0 524.0 527.0 4964.0 5034.0 4930.0 5015.0
3 542.0 546.0 540.0 544.0 3955.0 3998.0 3928.0 3984.0
4 570.0 577.0 567.0 575.0 3009.0 3020.0 2989.0 3009.0
5 611.0 617.0 608.0 614.0 2173.0 2183.0 2160.0 2175.0
6 651.0 651.0 648.0 648.0 1452.0 1453.0 1444.0 1448.0
7 692.0 695.0 689.0 692.0 960.0 962.0 956.0 959.0
8 727.0 732.0 724.0 729.0 597.0 603.0 594.0 600.0
9 748.0 753.0 744.0 749.0 358.0 364.0 358.0 362.0
10 731.0 736.0 727.0 732.0 202.0 209.0 203.0 208.0
11 565.6 686.0 565.9 682.0 127.8 124.1 128.7 123.6
12 566.0 596.0 567.2 •592.7 70.8 73.7 72.2 73.4
13 472.5 473.4 469.8 470.7 36.9 40.5 38.2 40.0
14 352.4 354.4 350.5 352.3 19.4 22.2 20.6 22.2
15 253.4 255.5 252.1 254.0 10.5 13.4 11.7 13.4
16 165.9 166.1 165.1 165.2 5.3 7.2 6.5 7.2
17 105.9 106.6 105.6 106.0 2.3 4.1 3.6 4.2
18 64.6 65.5 64.5 65.2 0.5 2.4 1.7 2.5
19 36.1 37.3 36.2 37.2 0.0 0.9 1.0 1.1
20 19.6 19.8 19.8 19.7 0.0 0.0 0.8 0.0
Site 9b 0505 1984 500 V 22A
n / N 6/10 6/10 6/10 6/10 6/10 6/10
TO .680 .680 .680 .680 .680 .680
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 2878.0 2787.0 2923.0 2874.0 2902.0 2874.0
2 2340.0 2339.0 2458.0 2341.0 2438.0 2340.0
3 1822.0 1727.0 1821.0 1825.0 1799.0 1823.0
4 1240.0 1177.0 1249.0 1245.0 1223.0 1242.0
5 746.0 715.0 763.0 752.0 738.0 747.0
6 414.0 393.0 422.0 418.0 402.0 415.0
7 232.0 223.0 244.0 237.0 225.0 232.0
8 127.0 122.0 136.0 131.0 120.0 127.0 -
9 67.0 64.0 75.0 72.0 59.0 67.0
10 34.0 33.0 44.0 38.0 28.0 34.0
11 17.9 7.6 15.7 22.2 3.3 17.7
12 9.8 10.6 18.4 13.6 3.8 9.6
13 4.0 2.2 11.1 7.9 -2.4 3.9
14 1.2 -0.5 9.1 5.0 -4.3 1.1
15 0.2 -4.3 7.2 3.7 -5.6 0.0
16 -0.5 -6.5 6.1 2.6 -5.2 -0.7
17 -1.0 -6.9 4.6 2.2 -4.8 -1.2
18 -0.9 -7.2 0.4 2.0 -2.0 -1.3
19 -0.8 -6.7 -0.1 1.3 0.0 -1.5
20 -0.3 -6.2 0.0 0.0 0.1 -1.4
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APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site 9c 0505 250 H 14 9d- 0505 250 L 20A
n / N 2/8 2/8 2/8 2/8 5/10 5/10 5/10 5/10
TO .260 .260 .260 .260 .290 .290 .290 .290
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 371.0 353.0 367.0 353.0 5193.0 5068.0 5191.0 5072.0
2 379.0 376.0 375.0 375.0 4771.0 4657.0 4768.0 4661.0
3 392.0 381.0 388.0 381.0 3986.0 3905.0 3984.0 3908.0
4 410.0 409.0 406.0 408.0 3124.0 3088.0 3121.0 3090.0
5 436.0 443.0 432.0 442.0 2296.0 2278.0 2295.0 2280.0
6 473.0 465.0 469.0 464.0 1561.0 1543.0 1560.0 1544.0
7 508.0 505.0 505.0 504.0 1040.0 1034.0 1040.0 1035.0
8 550.0 546.0 547.0 544.0 655.0 649.0 654.0 649.0
9 592.0 587.0 589.0 586.0 397.0 393.0 397.0 393.0
10 611.0 609.0 608.0 607.0 227.0 226.0 227.0 226.0
11 597.2 578.9 594.3 578.9 137.9 140.0 137.9 140.2
12 552.7 550.2 550.1 548.8 80.5 79.4 80.5 79.5
13 462.3 460.4 460.2 459.2 42.9 41.6 43.1 ' 41.8
14 359.4 356.9 357.7 356.0 22.8 21.8 22.8 22.0
15 264.5 262.5 263.3 261.9 12.9 11.9 12.9 12.0
16 175.1 174.7 174.3 174.3 6.6 5.8 6.6 5.9
17 113.7 113.4 113.2 113.1 3.6 2.7 3.5 2.9
18 70.6 70.0 70.2 69.9 2.2 1.0 1.9 1.2
19 40.5 39.9 40.3 39.8 1.0 0.3 0.8 0.5
20 21.7 22.2 21.5 22.2 0.1 0.5 0.0 0.7
Site 11a 0505 1984 500 L 22A
n / N 6/10 6/10 6/10 6/10
TO .700 .700 .700 .700
Gate 5000.0 5000.0 5000.0 5000.0
1 1455.0 1480.0 1452.0 1477.0
2 1538.0 1557.0 1534.0 1553.0
3 1640.0 1657.0 1634.0 1653.0
4 1747.0 1750.0 1739.0 1746.0
5 1770.0 1772.0 1761.0 1768.0
6 1723.0 1730.0 1713.0 1727.0
7 1626.0 1628.0 1617.0 1625.0
8 1367.0 1370.0 1358.0 1367.0
9 1091.0 1094.0 1084.0 1091.0
10 792.0 792.0 787.0 790.0
11 557.5 552.1 553.9 550.8
12 379.5 379.4 376.8 378.4
13 229.2 229.5 227.3 228.8
14 134.0 134.3 132.7 133.8
15 79.8 80.1 78.7 79.8
16 42.8 43.0 41.9 42.7
17 23.6 23.6 22.7 23.3
18 12.6 13.0 11.9 12.7
19 6.5 6.4 5.8 6.2
20 3.7 2.4 3.2 2.4
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APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site lib 0505 1984 500 V 22A
n / N 6/10 6/10 6/10 6/10 6/10 6/10
TO .700 .700 .700 .700 .700 .700
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 2805.0 2970.0 2904.0 2951.0 2833.0 2833.0
2 2287.0 2503.0 2367.0 2484.0 2302.0 2388.0
3 1784.0 1849.0 1844.0 1832.0 1788.0 1762.0
4 1214.0 1263.0 1246.0 1248.0 1209.0 1203.0
5 725.0 755.0 740.0 743.0 721.0 714.0
6 397.0 408.0 402.0 399.0 393.0 383.0
7 220.0 231.0 220.0 221.0 217.0 214.0
8 121.0 126.0 118.0 117.0 118.0 115.0
9 66.0 69.0 61.0 59.0 62.0 61.0
10 35.0 39.0 29.0 30.0 31.0 32.0
11 15.4 19.2 10.5 12.7 10.6 16.9
12 11.9 15.7 7.7 6.9 7.4 10.5
13 6.6 9.8 2.9 1.3 2.1 5.1
14 3.8 7.4 1.3 -0.7 -2.0 2.9
15 2.4 5.8 1.8 -2.0 -3.2 1.6
16 1.4 4.8 1.4 -2.7 -3.9 0.7
17 0.8 4.2 0.9 -3.1 -4.5 0.3
18 0.4 2.5 0.8 -3.3 -4.3 0.0
19 -1.6 0.1 0.4 -2.9 -4.5 0.0
20 -4.2 0.5 0.0 -1.9 -4.9 0.0
Site 11c 0505 250 H 24A lid 250 L 20A
n / N 2/8 2/8 2/8 2/8 5/10 5/10 5/10 5/10
TO .700 .700 .700 .700 .275 .275 .275 .275
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 701.0 691.0 699.0 685.0 4705.0 4758.0 4799.0 4884.0
2 711.0 714.0 710.0 707.0 4455.0 4568.0 4546.0 4623.0
3 716.0 710.0 715.0 703.0 3863.0 3947.0 3943.0 3996.0
4 732.0 734.0 727.0 3140.0 3172.0 3203.0 3212.0
5 751.0 759.0 751.0 2352.0 2374.0 2401.0 2404.0
6 769.0 764.0 756.0 1605.0 1625.0 1638.0 1646.0
7 775.0 774.0 -;.0 766.0 1074.0 1083.0 1096.0 1096.0
8 781.0 778.0 779.0 769.0 669.0 676.0 683.0 685.0
9 772.0 768.0 770.0 759.0 402.0 407.0 410.0 412.0
10 736.0 735.0 734.0 726.0 229.0 230.0 233.0 234.0
i l 681.0 579.1 680.2 579.2 141.2 138.1 144.0 140.7
12 606.7 581.0 606.1 580.5 79.5 80.4 81.0 81.9
13 499.9 499.8 499.4 493.4 41.2 42.3 42.1 43.4
14 391.9 390.7 391.4 385.7 21.3 22.1 21.7 22.9
15 294.2 293.0 293.7 289.2 11.3 12.1 11.6 12.8
16 199.6 199.8 199.2 197.3 5.2 5.9 5.3 6.6
17 132.6 132.6 132.4 130.9 2.3 2.8 2.4 3.6
18 83.9 83.5 83.7 82.4 0.6 1.5 0.6 2.3
19 49.1 48.5 49.0 47.9 0.0 0.4 0.0 1.3
20 37.8 38.2 37.6 37.9 0.1 -0.2 0.1 0.3
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Site 13a 0605 500 L 22A 13d 1984 250 H 25A
n / N 6/10 6/10 6/10 6/10 2/8 2/8 2/8 2/8
TO .700 .700 .700 .700 .400 .400 .400 .400
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 2488.0 2438.0 2474.0 2429.0 1990.0 2006.0 1978.0 1991.0
2 2420.0 2376.0 2405.0 2367.0 1883.0 1887.0 1872.0 1873.0
3 2311.0 2273.0 2298.0 2265.0 1701.0 1713.0 1691.0 1700.0
4 2165.0 2146.0 2151.0 2138.0 1562.0 1560.0 1554.0 1548.0
5 1928.0 1914.0 1918.0 1907.0 1421.0 1412.0 1414.0 1401.0
6 1627.0 1609.0 1618.0 1603.0 1241.0 1245.0 1235.0 1237.0
7 1332.0 1323.0 1326.0 1318.0 1075.0 1076.0 1071.0 1069.0
8 1000.0 992.0 995.0 987.0 929.0 931.0 926.0 926.0
9 726.0 719.0 722.0 716.0 781.0 784.0 779.0 779.0
10 49-3.0 491.0 491.0 489.0 643.0 643.0 641.0 639.0
11 337.0 344.5 335.9 343.3 550.2 533.4 548.3 530.5
12 228.6 227.3 228.0 226.5 421.8 422.1 470.5 419.9
13 140.4 139.0 140.2 138.6 310.0 310.2 309.0 308.5
14 84.4 83.4 84.4 83.4 220.6 221.4 219.9 220.3
15 52.0 51.1 52.2 51.3 153.5 154.7 153.1 153.9
16 29.1 28.4 29.4 28.7 97.8 97.8 97.6 97.3
17 16.7 16.1 17.1 16.6 61.3 61.4 61.2 61.2
18 9.7 8.8 10.2 9.4 37.0 37.5 37.0 37.3
19 5.1 4.6 5.5 5.2 20.9 21.5 20.9 21.4
20 2.1 2.8 2.4 3.4 12.0 11.6 12.0 11.5
Site 13b 0605 1984 500 V 22A
n / N 6/10 6/10 6/10 6/10 6/10 6/10 6/12 6/12
TO .700 .700 .700 .700 .700 .700 .700 .700
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 2282.0 2363.0 2391.0 2303.0 2390.0 2397.0 2349.0 2450.0
2 1787.0 1892.0 1876.0 1836.0 1870.0 1913.0 1853.0 2101.0
3 1281.0 1313.0 1349.0 1270.0 1336.0 1324.0 1305.0 1294.0
4 790.0 826.0 836.0 793.0 822.0 825.0 812.0 812.0
5 477.0 498.0 504.0 479.0 4.34.0 498.0 493.0 494.0
6 274.0 281.0 292.0 269.0 280.0 277.0 285.0 2734)
7 158.0 167.0 171.0 158.0 160.0 162.0 163.0 162.0
8 92.0 95.0 101.0 90.0 90.0 91.0 96.0 93.0
9 52.0 54.0 58.0 50.0 49.0 50.0 54.0 51.0
10 28.0 31.0 33.0 29.0 24.0 28.0 29.0 30.0
11 14.6 14.8 18.5 16.1 7.8 16.8 12.3 18.8
12 10.9 10.5 14.4 10.2 5.6 9.0 10.4 10.8
13 6.0 5.3 8.8 4.9 1.7 3.9 6.3 5.4
14 3.5 3.1 4.8 2.5 -0.1 2.3 3.7 3.3
15 2.3 1.6 2.1 0.2 0.0 1.6 2.4 1.8
10 1.7 0.8 1.2 -1.6 1.1 0.7 1.3 0.9
17 1.8 0.5 0.8 -2.5 0.9 0.3 0.8 0.5
18 3.5 0.2 0.7 -2.8 0.7 U.U 0.7 U.2
19 3.9 0.1 0.3 -2.5 0.3 0.0 0.2 0.3
20 3.2 0.3 -0.1 -2.0 0.0 0.5 0.1 0.6
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APPEN D IX  C: TRANSIENT SOUNDING DATA CONTINUED
Site 14a 0605 400 L 25A 14c 250 H 1984 17A
n / N 6/10 6/10 6/10 6/10 2/8 2/8 2/8 2/8
TO .700 .700 .700 .700 .260 .260 .260 .260
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 4437.0 4335.0 4438.0 4343.0 411.0 428.0 416.0 429.0
2 4538.0 4438.0 4538.0 4445.0 436.0 442.0 443.0 443.0
3 4474.0 4388.0 4473.0 4395.0 453.0 459.0 453.0 460.0
4 4194.0 4151.0 4191.0 4157.0 489.0 484.0 488.0 485.0
5 3642.0 3612.0 3640.0 3617.0 529.0 519.0 531.0 520.0
6 2920.0 2887.0 2918.0 2891.0 558.0 565.0 564.0 566.0
7 2243.0 2227.0 2242.0 2229.0 618.0 611.0 613.0 613.0
8 1575.0 1563.0 1575.0 1565.0 656.0 660.0 661.0 662.0
9 1062.0 1056.0 1062.0 1057.0 709.0 701.0 703.0 704.0
10 672.0 670.0 671.0 671.0 715.0 709.0 714.0 712.0
11 431.7 440.2 431.6 440.7 578.0 676.9 578.1 679.2
12 276.4 275.5 276.4 275.6 579.9 607.5 580.1 609.7
13 158.8 157.9 158.8 158.0 492.6 488.3 491.8 490.2
14 90.0 89.6 89.9 89.5 364.2 363.4 365.1 364.9
15 52.9 52.5 52.7 52.4 258.2 255.7 256.4 256.7
16 28.3 27.9 28.1 27.8 161.0 159.6 161.0 160.2
17 15.8 15.4 15.5 15.3 98.6 97.4 98.2 97.8
18 9.1 8.4 8.7 8.2 57.7 57.3 57.3 57.8
19 4.9 4.5 4.5 4.3 31.1 31.3 31.0 31.4
20 2.3 2.8 1.7 2.6 16.5 16.0 16.7 16.1
Site 14b 0605 1984. 400 V 25A
n / N 6/10 6/10 6/12 6/12 6/12 6/12
TO .700 .700 .700 .700 .700 .700
Gate 5000.0 5000.0 5000.0 5000.0 5000.0 5000.0
1 2697.0 2606.0 2642.0 2788.0 2648.0 2793.0
2 2089.0 2072.0 2063.0 2441.0 2067.0 2448.0
3 1488.0 1413.0 1446.0 1440.0 1449.0 1446.0
4 891.0 853.0 870.0 874.0 874.0 878.0
5 512.0 489.0 502.0 505.0 505.0 507.0
6 280.0 260.0 276.0 271.0 278.0 272.0
7 159.0 147.0 151.0 151.0 152.0 152.0
8 92.0 80.0 86.0 83.0 86.0 84.0
9 53.0 43.0 47.0 45.0 47.0 45.0
10 31.0 24.0 25.0 25.0 25.0 25.0
11 15.4 15.5 9.5 16.5 8.7 16.4
12 13.5 8.6 4.9 9.1 -0.9 9.2
13 10.9 4.0 4.5 4.5 3.6 4.4
14 9.1 1.9 2.9 2.7 1.8 2.7
15 8.2 0.8 2.1 1.5 1.0 1.4
16 6.9 0.1 1.3 0.7 0.3 0.6
17 6.3 -0.5 0.8 0.4 0.6 0.3
16 5.6 -0.7 1.1 0.0 0.7 0.0
19 2.4 -0.6 0.6 0.1 0.2 0.1
20 -0.3 0.0 -0.2 0.6 -0.1 0.6
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Site 14d 0605 1984 250 L 19A
n / N 5/10 5/10 5/10 5/10 5/10 5/10
TO .290 .290 .290 .290 .290 .290
Gate 6000.0 6000.0 6000.0 6000.0 6000.0 6000.0
1 5548.0 5535.0 5389.0 5638.0 5757.0 5860.0
2 4944.0 4926.0 4799.0 5022.0 5137.0 5226.0
3 3983.0 3952.0 3865.0 4032.0 4141.0 4198.0
4 3017.0 2959.0 2926.0 3020.0 3137.0 3145.0
5 2126.0 2082.0 2063.0 2125.0 2212.0 2213.0
6 1360.0 1338.0 1320.0 1365.0 1415.0 1421.0
7 859.0 842.0 835.0 859.0 894.0 894.0
8 511.0 505.0 498.0 515.0 533.0 535.0
9 296.0 293.0 289.0 300.0 310.0 311.0
10 166.0 163.0 162.0 167.0 174.0 173.0
11 102.2 98.4 100.3 100.8 107.4 104.4
12 57.4 57.8 56.7 59.5 60.9 61.4
13 29.9 31.0 29.8 32.4 32.2 33.0
14 15.6 16.4 15.6 17.5 17.1 17.6
15 8.1 9.3 8.2 10.3 9.1 10.0
16 3.8 4.6 3.7 5.5 4.4 5.0
17 1.6 2.2 1.5 3.2 2.0 2.5
18 0.4 1.2 0.1 2.1 0.5 1.3
19 0.0 0.3 0.0 1.1 0.0 0.3
20 0.3 -0.2 0.0 0.2 0.0 -0.3
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